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Reperfusion of the isolated rat heart following 10 min of 
coronary artery ligation under constant flow conditions results 
in the development of arrhythmias - premature ventricular contract­
ions (PVCs), ventricular tachycardia (VT) and ventricular 
fibrillation (VF).
Increasing concentrations of magnesium (0 - 4.8 rnM) and/or 
potassium (2.5 - 10.0 mM) attenuate, while clacium (0.6 - 2.4 mM) 
exacerbates these arrhythmias. The protective effects of magnesium 
and potassium were additive. Magnesium reduced heart rate, perfusion 
pressure and developed tension. Potassium reduced perfusion 
pressure and increased developed tension. These haemodynamic 
effects contributed to the antiarrhythmic action of magnesium 
but did not completely account for its antiarrhythmic action.
Calcium increased developed tension and heart rate and reduced 
perfusion pressure. Post-ligation administration of magnesium 
and potassium also protected against reperfusion arrhythmias.
These results demonstrate that reperfusion arrhythmias are 
significantly affected by the ionic environments of the heart.
Superoxide dismutase (5-20 llml  ^) , glutathione (10  ^- 10 M^) ,
-4 -4 -3ascorbic acid (10 - 5 x 10 M) and histidine (5 x 10 M) when
given before coronary artery ligation attenuated the development
of reperfusion arrhythmias. Mannitol (2 x 10~^ M) and catalase
(100 - 300 l!ml  ^) did not have any significant effect on reperfusion
arrhythmias when given alone but they did potentiate the effect
(ii)
of superoxide dismutase. Glutathione and a combination of superoxide 
dismutase, catalase and mannitol also reduced the incidence of 
reperfusion induced ventricular fibrillation when given just before 
reperfusion. Ferrous ion exacerbated the severity of reperfusion 
arrhythmias. Mannitol (2 x 10 M) , catalase (100 (iml ) and 
histidine (5 x 10  ^M) when given before coronary ligation or 
just before reperfusion prevented the effect of ferrous ion while
dismutase
superoxide^did not, indicating that the presence of ferrous ion 
is important for the production of hydroxyl radicals. Pretreatment 
with 6- OHDA attenuated the incidence of reperfusion arrhythmias
but pre-ligation administration of allopurinol had no effect on 
reperfusion arrhythmias. By perfusing hearts with ferricytochrome 
C it was possible to show an increased reduction of ferricytochrome 
C during the first minute of reperfusion which could be prevented 
by the addition of superoxide dismutase and 6-OHDA treatment.
These results provide evidence that oxygen free radicals are 
produced and may be important in the genesis of reperfusion induced 
arrhythmias in the isolated rat heart.
Adenosine (10  ^M), verapamil (10 ^ - 10  ^M), ZK 36374 
(10 - 10  ^M) and sodium nitroprusside (10  ^M) attenuate
the incidence of reperfusion arrhythmias which may be via a coronary 
steal effect. Agents which affect arachidonic acid metabolism 
yielded conflicting results which may reflect nonspecific mechanisms 
other than inhibition of arachidonic acid metabolism.
Glutathione and a mixture of superoxide dismutase, catalase 
and mannitol when given before coronary ligation and just before
( iii )
reperfusion reduced the increase in rubidium efflux rate constant 
shown on reperfusion. The effect of glutathione on ^^rubidium 
efflux may be at least in part due to its vasodilator effect. 
Superoxide generation by xanthine/xanthine oxidase system increased 
the rate of efflux of ^^rubidium. A mixture of superoxide 
dismutase, catalase and mannitol also reduced the transient in-
3
crease in the rate of release of H-noradrenaline shown to be 
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A. Reperfusion induced ceurdiac arrhythmias
1.1: Definition and clinical relevance
Reperfusion induced cardiac arrhythmias are the disturbances 
of heart rhythm that arise as a consequence of a total or partial 
restoration of flow to tissue which has been previously globally 
or regionally ischaemic (Manning and Hearse, 1984). This type 
of arrhythmia is often severe and is seen in most species studied
(Sheridan e t  a l . ,  1980; Bergey e t  a l . ,  1982; Woodward and Zakaria,
1983) and in man (Goldberg e t  a l . ,  1983). Usually these arrhythmias 
are sudden in onset and deteriorate to ventricular fibrillation 
within 5-30 seconds (Kaplinsky e t  a l . ,  1981). The immediate causes 
of these arrhythmias are poorly understood (Murdock e t  a l . ,
1980; Kaplinsky e t  a l . ,  1981; Woodward and Zakaria, 1985) and
are the subject of this thesis.
Although the advent of coronary bypass surgery has made 
reperfusion induced arrhythmias relevant to the clinical setting 
(Levites e t  a l . ,  1975), the applicability of reperfusion to 
human arrhythmias including sudden cardiac death is controversial 
(Corr and Witkowski, 1984). In a large percentage of patients 
autopsied after sudden cardiac death, there is an absence of 
complete coronary occlusion, suggesting that the lethal event 
may have followed an ischaemic interval after subsequent reperfusion 
via one or more of the following mechanisms: (1) Platelet 
aggregation with thrombus formation and subsequent spontaneous lysis 
(or recanalization by the use of thrombolytic therapy in patients 
during acute myocardial infarction). (2) Spasm followed by relaxation
of a normal or partially obstructed artery. (3) Increase in collateral 
flow to an ischaemic region (Corr and Witkowski, 1984). Moreover, 
Goldberg e t  a l .  (1983) have reported that during intracoronary 
thrombolysis in patients, the presence of ventricular arrhythmias 
is an indicator of the success of recanalization. Parmley and 
Chatterjee (1984) in a recent review have pointed out that 
spontaneous thrombolysis frequently occurs and is usually too late 
to salvage ischaemic myocardium, but intravenous thrombolytic agents 
can produce relatively rapid thrombolysis, reestablish flow and in 
some cases salvage ischaemic myocardium.
1.2: Electrophysiological derangements associated with reperfusion
Studies of the effects of ischaemic blood obtained from a local 
coronary vein (on release of a coronary artery occlusion) on 
transmembrane potentials of muscle strips taken from the same heart 
(Downar e t  a l .  , 1977a) and intracellular electrode recordings 
from the subepicardium of the ischaemic zone (Downar e t  a l .  , 1977b) 
have revealed that ischaemia results in a gradual, heterogeneous, 
progressive decrease in action potential duration, resting membrane 
potential and maximum rate of rise of voltage of phase 0 (V max).
These deteriorations occur over a period of minutes and are most 
pronounced in the centre of the ischaemic zone. Moreover,
Ramanathan e t  a l .  (1977) reported a significant shortening of 
refractoriness in the ischaemic zone which results in an inhomogeneity 
of ventricular refractoriness between the ischaemic and non-ischaemic 
zones, and a unidirectional delay of conduction from ischaemic to 
non-ischaemic zones predisposing to reentry mechanism. Similarly,
Murdock e t  a l .  (1980) have concluded that ischaemia results in a 
gradual conduction slowing establishing reentrant pathways followed 
by a further conduction suppression so that reentrant pathways become 
blocked.
Abrupt reperfusion of the ischaemic region was reported to result 
in a heterogeneous recovery of electrical activity (Downar e t  a l ., 
1977a), either further shortening (Naimi e t  a l . ,  1977) or suddenly 
prolonging refractory periods (Levites e t  a l ., 1975) resulting in 
increased dispersion of refractoriness between ischaemic and non- 
ischaemic myocardium (Corr and Witkowski, 1984) and rapid but brief 
decrease in the ventricular fibrillation threshold (Axelrod e t  a l .  , 
1975; Corbalan e t  a t . ,  1976). Murdock e t  a t . ,  (1980)have concluded 
that reperfusion of the electrically unresponsive tissue results 
in a nonhomogeneous improvement in conduction that transiently 
predispose to reenetry mechanism. Downar e t  a l . (1977a) also related 
the extent of heterogeneity of recovery times to be a key determinant 
of ventricular fibrillation threshold.
As ventricular arrhythmias are generally believed to be 
due to either re-entry or enhanced automaticity, the dispersion 
of refractoriness between ischaemic and nonischaemic myocardium 
(Levites e t  a t . ,  1975; Kaplanisky e t al.,1981) as well as nonhomogenous 
recovery of conduction (Murdock e t  a l .  , 1980) that follows reperfusion 
were reported to be a possible cause of re-entry mechanism. On the 
other hand, experiments on the role of enhanced automaticity during 
reperfusion yielded conflicting results (Murdock e t  a t . ,  1980).
Increases in ventricular automaticity have been reported after abrupt 
reperfusion of ischaemic region (Kaplinsky e t  a i . ,  1981), however, 
others have reported that idioventricular rate either remained 
unchanged( Rama nathan e t  a l . ,  1977; Murdock e t  a i . ,  1980)or decreased 
with reperfusion (Levites e t  a l . ,  1975). In humans undergoing intra­
coronary thrombolysis, accelerated idioventricular rhythms are 
common (Corr and Witkowski, 1984).
It would appear from the above that the precise electro- 
physiologic derangements responsible for reperfusion induced 
dysrhythmias are not clear (Murdock e t  a l . ,  1980), but may be due 
to heterogeneous electrical recovery leading to re-entry mechanism 
and possibly, enhanced ventricular automaticity and this might 
provide the necessary electrophysiological background for the genesis 
of reperfusion induced arrhythmias.
1.3: Biochemical factors associated with myocardial ischaemia and
reperfusion
Acute myocardial ischaemia has been reported to induce the 
following biochemical changes: (1) Rapid depletion of nucleotide 
pools (ATP, GTP eind CP) and increase in myocardial content of adenine 
nucleotide catabolites (Cyclic AMP, adenosine, inosine and hypoxanthine) 
(Downar e t  a l . ,  1977a; Opie e t  a l  . , 1979: Swain e t  a l . ,  1984) which 
may directly affect maintenance of ionic gradients and ionic 
conductance across the sarcolemma leading to, (2) an increase in 
extracellular potassium and probably intracellular calcium (Downar 
e t  a t . ,  1977a; Opie e t  a l . ,  1979) and (3) release of intramyocardial
catecholamines (Abrahamsson e t  a i . ,  1983). (4) Hypoxia and increased 
pCO^ leading to switching off of anaerobic glycolysis and an elevation 
of extracellular and tissue lactate levels, acidosis and hypoglycaemia 
(Downar e t  a i . ,  1977a; Opie e t  a i  ., 1979). (5) Accumulation of 
lysophosphoglycerides (Sobel e t  a i . ,  1978).
The exact biochemical abnormalities contributing to abnormal 
function and electrophysiological derangement after myocardial ischaemia 
and reperfusion are not known (Kloner e t  a i  . , 1983). Although 
Downar e t  a i . (1977a) have demonstrated that the combined effects 
of acidosis, hypoxia, high lactate levels, hyperkalaemia, low ATP 
levels and hypoglycaemia could not produce the electrophysiological 
changes produced by blood collected from local coronary vein on 
release of coronary artery occlusion and they attributed these electro­
physiological changes to unidentified substances released from ischaemic 
tissue, other investigators reported that ischaemic blood obtained 
from pigs after 15 minutes of occlusion has adverse electrophysiological 
effects causing shortening of action potential duration, loss of 
resting membrane potential and reduction in upstroke velocity when 
introduced into the bath of normal muscle strips (Opie e t  a i . ,
1979; Saman and Opie, 1984). Similar electrophysiological derangements 
have been reported to be produced by hyperkalaemia (Opie e t  a i .  ,
1979). Furthermore, acidosis and a high pCO^have been reported to 
augment the electrophysiological derangements induced by accumulation 
of lysophosphoglycerides (Corr e t  a i .  , 1982) and dibutyryl cyclic 
AMP to lower ventricular fibrillation threshold in the isolated rat 
heart (Opie e t  a i . ,  1979).
Reperfusion of ischaemic myocardium has been shown to result 
in slow recovery of nucleotide pools (Swain e t  a l . ,  1984). The 
rapid and heterogeneous reversal of the elevated extracellular 
potassium to control levels may predispose to reperfusion induced 
arrhythmias (Corr and Witkowski, 1984), the wash out of products 
liberated from ischaemic and necrotic cells may also contribute to 
genesis of reperfusion arrhythmias (Axelrod e t  a l .  , 1975; Opie e t  
a l .  y 1979), these possibilities are supported by the rapid onset 
of electrical instability within seconds after reperfusion (Corr 
and Witkowski, 1984).
The contradictory reports mentioned above show that the precise 
biochemical factors leading to the development of arrhythmias are 
not understood, indeed the cause may not even be due to biochemical 
factors.
B. Factors influencing reperfusion induced arrhythmias
1.4: Duration and severity of the preceding period of ischaemia
The duration of the preceding ischaemic period as being an 
important factor in determining the severity of reperfusion induced 
arrhythmias is well documented (Balke e t  a l  . , 1981; Crome e t  a l .  ,
1983). From studies with anaesthetized dog, duration of preceding 
ischaemia has been reported to directly influence the incidence 
of dysrhythmias associated with reperfusion (Balke e t  a l . ,  1981).
In both, the isolated working rat heart (Crome e t  a l .  , 1983) and the
anaesthetized rat (Manning and Hearse, 1984), the incidence of re­
perfusion induced ventricular fibrillation has been shown to be in­
creased with increasing periods of ischaemia until it reaches the 
maximum, then, as the duration of ischaemia increases there is a pro­
gressive decline in the incidence of reperfusion induced arrhythmias 
suggesting that the highest incidence of reperfusion induced ventricular 
fibrillation occurs after a time during which some cells may begin 
to demonstrate irreversible damage.
The severity of the incidence of reperfusion induced arrhythmias 
might also be expected to be dependent upon the severity of the pre­
ceding ischaemia. Kaplinsky e t  a l . , (1981) have pointed out a 
positive correlation between the incidence of arrhythmias occurring 
during ischaemia and those occurring during reperfusion. Therefore, 
reducing the severity of ischaemia may act to slow injury, delay 
its onset and irreversibility and thus displace the maximal incidence 
of reperfusion arrhythmias to a later time (Manning and Hearse,
1984). But complete global ischaemia is not associated with reper­
fusion arrhythmias.
It was of interest to find out the optimal period of ischaemia 
which predisposes to the highest incidence of reperfusion induced 
arrhythmias in the isolated rat heart, to guide extension of the 
present study.
In the initial experiments reported in this thesis, the time 
course of reperfusion arrhythmias were studied in the isolated rat 
heart.
1.5: Animal Species
It is known that differences among species regarding heart size, 
heart rate, collateral circulation, etc. may affect both arrhythmo- 
genesis and drug effects in various arrhythmia models (Bergey e t  a l ., 
1982). Therefore, a critical heart size has been reported to be 
necessary to sustain ventricular fibrillation as small hearts are 
prone to spontaneous defibrillation particularly if a re-entrant 
or circus mechanism is the cause of arrhythmias, while in large 
hearts where reentrant pathways may be relatively longer than in small 
hearts a tendency to spontaneous defibrillation is not seen (Bergey 
and Beil, 1983). The canine myocardium for example has been reported 
to have an extensive although variable degree of collateral blood 
supply which may lead to a low incidence of arrhythmias and contra­
dictory results in this species (Balke e t  a l . ,  1981; Bergey e t  a l .  y 
1982).
1.6: Are reperfusion arrhythmias a flow or Qxygen-dependent
phenomenon?
The process of reperfusion not only restores nutrients and flow 
to ischaemic myocardium but also reoxygenates hypoxic tissue, 
therefore, either component of the process may contribute to the resulting 
arrhythmias. What has been reported by Carbonin e t  a l .  (1981) is that 
in globally ischaemic hearts, anoxic perfusate had a protective 
effect against reperfusion induced arrhythmias. This provides 
some evidence for the role of reoxygenation in arrhythmogenesis.
Hess and Manson (1984) have pointed out that reoxygenation of hypoxic 
hearts results in significant damage of both phospholipid membrane
structures and myofibrils. On the contrary, it has been reported 
that reperfusion of ischaemic myocardium with venous blood or anoxic 
saline does not appear to alter the incidence of reperfusion induced 
ventricular fibrillation (Petropoulos and Meijne, 1964), ischaemic 
hearts being more vulnerable to ventricular fibrillation than hearts 
made hypoxic without flow reduction (Corr and Witkowski, 1983). The 
question of which component of reperfusion is the most important 
contributory factor in reperfusion arrhythmogenesis is therefore 
not clear.
1.7: How sudden is reperfusion of the ischaemic myocardium
Ventricular fibrillation associated with reperfusion has been 
reported to be abolished or decreased by decreasing the rate of 
reperfusion (Corbalan e t  a t . ,  1976). Similarly, Petropoulos and 
Meijne (1964) had shown that gradual rather than rapid reperfusion 
has been shown to attenuate significantly the associated ventricular 
arrhythmias suggesting that rapid changes across the reperfusion 
region may be a contributing factor.
The effect of changing reperfusion rate has been examined in 
this thesis.
1.8: Potassium status
Potassium plays a major determinative role in maintaining 
the electrophysiological stability of cardiac function (Schwartz,
1978). The normal extracellular potassium concentration is 3.5 to
5.5 mM which represents about 1.5 - 2.0% of the total body potassium, 
while the intracellular concentration averages are about 150 to 160 mM
10
(Schwartz, 1978; Nayler, 1981). This gradient is maintained by 
virtue of the active Na^ - pump mechanism.
Alkalosis, glucose, insulin (by shifting potassium into cells 
without net change in total body potassium) and diuretics (by 
increasing kaluresis) may lower the extracellular potassium concen­
tration, while acidosis (by shifting potassium out of cells without 
net change in total body potassium ) and tissue trauma may elevate 
the extracellular potassium concentration (Schwartz, 1978).
Potassium carries the delayed repolarizing currents that are 
thought to comprise of three components Ixl and 1x2 responsible 
for the Purkinje fibre plateau and IK^ for spontaneous diastolic 
depolarization (Gettes, 1981). Changes in extracellular affect 
the electrophysiology of cardiac cells. The resting membrane 
potential, depolarizing currents, action potential plateau duration 
and slopes of rapid repolarization and spontaneous diastolic 
depolarization are all influenced by extracellular (Gettes,
1981; Vassaile, 1981).
Schwartz (1978) has reported that hypokalaemia causes an 
increase in resting membrane potential, increases phase 4 of de­
polarization (which represents the ability of the cell to depolarize 
by itself) and decreases the threshold potential. Enhanced automacity 
thought to be caused by decreased potassium conductance may occur 
in the sinus node and in other tissues of the heart particularly 
the AV junction leading to junctional tachycardias and arrhythmias 
of multifocal origin. Hypokalaemia may also depress conduction.
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thus hypokalaemia arrhythmias may also be caused by enhancement 
of reentry. On the contrary, hyperkalaemia causes a reduction in 
the resting membrane potential which leads to an increased excitability 
and may produce enhanced automaticity. Further increases in extra­
cellular concentration decrease excitability until it becomes 
entirely lost. Hyperkalaemia also decreases the rate of rise of phase 
4 of depolarization which would reduce automaticity. This decrease 
in resting membrane potential decreases the upstroke velocity of 
phase 0 of the transmembrane action potential, resulting in reduced 
conduction velocity (Schwartz, 1978). In the previous settings, it 
is possible to have any of a number of combinations of changes, for 
example hyperkalaemia may increase, decrease or have no effect on 
automacitiy (Schwartz, 1978).
Links between and arrhythmias were first described in 1954 
by Harris and his co-workers when extracellular accumulation was 
reported during myocardial ischaemia. Since then many reports have 
confirmed the antiarrhythmic effect of K^salts (Cranfield and Wit,
1979; Opie e t  a l . ,  1979; Andersson, 1980; Nayler, 1981; Woodward 
and Zakaria, 1983). In isolated rat hearts, the perfusate 
concentration was found to be a major determinant of ventricular 
fibrillation in both ligation and reperfusion arrhythmias (Lubbe 
e t  a l .  y 1978).
1.9: Magnesium status
Magnesium is the second most common intracellular cation next 
to potassium. It plays a vital role in many cell processes such as
12
activation of the membrane bound ATPase enzyme responsible for the 
Na^ - pump mechanism essential for restoring cell and 
preserving the integrity of the cell membrane (Iseri e t  a l . f  1975;
Whang e t  a t . ,  1980). Magnesium is also essential for the oxidative 
phosphorylation processes necessary for the replenishment of ATP 
essential for contractility of the cardiac muscle (Johnson e t  a l .,
1979).
The normal extracellular magnesium concentration is about 
0.9 mM (Nay1er, 1981a), half of which is bound to protein (Shine,
1979), while the normal intracellular magnesium concentration in cardiac 
muscle is about 15 mM (Nayler, 1981a), 12% of which has been 
estimated to be in the mitochondria, 2 - 3% in the myofibrils and 
a large proportion is complexed with ATP, ADP, AMP and enzyme- 
coenzyme complexes (Shine, 1979).
Hypomagnesaemia may exist due to intake of potent diuretics 
(e.g. frusemide), hyperaldosteronism, acute or chronic alcoholism, 
acidosis, hypoparathyroidism and glucosurla which promote urinary 
excretion of magnesium (Iseri e t  a l . ,  1975), while impaired excretion 
due to renal failure and excessive intake of Mg^^ salts used as 
laxatives may cause hypermagnesaemia.
Alterations of Mg^^ concentration may have little effect upon 
the cardiac action potential. High serum Mg^^ has been reported 
to cause decreased AV conduction, intraventricular conductance and 
suppression of sinus node function leading to bradycardia (Shine,
1979) and prolonged action potential duration (Johnson e t  a l . ,  1979).
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Magnesium deficiency was shown to affect the distribution of 
potassium (Iseri e t  a l . ,  1975; Johnson e t  a l . ,  1979; Whang e t  a l . ,  
1980; Nayler,1981a) and calcium, (Shine and Douglas, 1975; Shine, 
1979; Dyckner and Wester ,1980; Altura e t  a l . ,  1981) across the cell 
membrane and is frequently associated with cardiac arrhythmias 
(Iseri e t  a l .  , 1975; Shine, 1979; Dyckner and Wester, 1980; Nayler, 
1981a). Mg^* may be as important as potassium in coronary heart 
disease (Johnson e t  a l .  , 1979) and shows a clinical effectiveness 
when used as antiarrhythmic medication (Iseri e t  a l . , ,  1975; Dyckner 
and Wester, 1980).
The decreased Mg^^ and concentrations in the myocardial 
tissue in men dying suddenly from myocardial infarction and the 
necessity to optimise tissue concentrations of both Mg^^ and for 
the maintenance of normal cardiac function (Johnson e t  a l .  , 1979) 
suggested that it was worthwhile to study the effect of Mg^^/K^ ratios 
on the incidence of reperfusion induced arrhythmias to confirm and 
extend the reports mentioned above. The results of these experiments 
are presented in Chapter 4.
1.10: Calcium status
Calcium ions carry the slow inward current responsible for the 
depolarizaticn phase of action potential in the sinoatrial node, 
atrioventricular node and Purkinje fibres when the fast sodium current 
is blocked (Andersson, 1980) or during the plateau phase (VassSlle,
1981). A second type of Ca^^ dependent ionic current that occurs 
is the Na^/Ca^^ exchange mechanism, this may mediate arrhythmias
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when membrane bound ATPase is inhibited (Nayler, 1981a: Clusin 
e t  a l .  , 1982).
The normal extracellular Ca^^ concentration is 2.0 - 2.4 mM, 
about half of which is bound in nonionized complexes, and the normal 
intracellular Ca^^ concentration is about 10  ^- 10  ^M (Nayler, 
1981a).
Hypocalcaemia may be caused by impaired absorption of Ca^^ (due 
to avitaminosis), calcitonin, hypoparathyroidism ( due to increased 
deposition of Ca^^ in bones), excessive loss (as during lactation), 
alkalosis and corticosteroids (by increasing the rate of Ca^^ excretion 
in urine). On the other hand, a high dietary load of Ca^\ acidosis, 
vitamin D and hyperparathyroidism may cause hypercalcaemia.
High extracellular Ca^^ concentrations have been reported 
to shorten the action potential plateau, slightly increase the rate 
of diastolic depolarization (which may be carried in part by the 
slow inward current) and prolong atrioventricular conduction, while 
low extracellular Ca^^ concentration prolong action potential 
duration (Fish, 1973; Gettes, 1981) and suppress automaticity 
(Andersson, 1980). Furthermore, high levels of intracellular 
free calcium might cause accumulation of Ca^^ in the gap junction 
leading to increased junctional resistance and decreased conduction 
velocity (De Mello, 1982).
Fig. 1 (Nayler, 1981b) shows the possible sequence of events 
induced by ischaemia and reperfusion, but there is no evidence for
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raised cytosolic Ca^* during the first 30 minutes of ischaemia 
and this may be due to absence of very sensitive and efficient 
methods or instruments for measuring intracellular Ca^^ concentration 
which may be elevated but not detected.
However, calcium ions may be an important factor in mediating 
the adverse effects of cardiac ischaemia (Opie e t  a t . ,  1979; Clusin 
e t  a l . ,  1982) and reperfusion (Nayler, 1980). During reperfusion, 
tissue Ca^^ was reported to increase (Nayler, 1981a) and contribute 
to the precipitation of ventricular fibrillation (Clusin e t  a l .,
1982).
Although the slow current may play a critical role in inducing 
arrhythmias (Opie e t  a l . ,  1979), studies with the drugs which block 
the calcium current have provided conflicting data as to their 
efficacy in preventing reperfusion induced arrhythmias. Verapamil 
has been shown to be effective in preventing reperfusion arrhythmias 
in some studies (Winslow e t  a l  . , 1983; Bergey e t  a l . ,  1984) but not 
in others (Kane e t  a l .  , 1984).
1.11: Free radicals
Free radicals may be defined as atoms or molecules that have 
an odd number of electrons in their outer orbital (Frank, 1983; 
Halliwell and Gutteridge, 1984; Hertz and Cloarec, 1984). They have 
been reported to be produced during myocardial ischaemia and reper­
fusion and to contribute to reperfusion induced tissue injury and 
arrhythmias (Meerson e t  a l .  , 1982; Hess and Manson, 1984; Otani e t  
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Fig. (1). Schematic representation of the possible sequence of 
events induced by myocardial ischaemia.
17
and Zakaria, 1985).
Oxygen reactive species including superoxide radicals (O'^ ) , 
hydrogen peroxide and hydroxyl radicals (ÔH) may be
generated by a number of cellular reactions (Burton e t  a l .  , 1984). 
Fig. (2) shows the sequence of events which may lead to free radical 
production during myocardial ischaemia and reperfusion. Due to 
ischaemia or hypoxia, oxygen utilization may be switched from 
the oxidase pathway (which involves complete four electrons reduction 
of oxygen to water) to the oxygenase pathway ( which involves step­
wise reduction of oxygen by accepting one, two or three electrons) 
leading to the formation of the superoxide anion, hydrogen peroxide 
and the hydroxyl radical. Furthermore, on reperfusion, an excessive 
supply of oxygen is provided to the reduced metabolites accumulated 
in the ischaemic myocardium, this may lead to free radical production 
(Meerson ert a l . , 1982). Another source of superoxide anion production 
may be due to the autoxidation of catecholamines (Burton e t  a l .  y
1984) which have been reported to be released during reperfusion 
of the ischaemic myocardium (Rochette e t  a l . ,  1980). Moreover, free 
radicals have been reported to be produced during ischaemia (Van der 
Vusse and Reneman, 1985) as a result of arachidonic acid metabolism 
via both the lipo-oxygenase (Kontos e t  a l ., 1984) and the cyclo- 
oxygenase pathways during the conversion of prostaglandin to the 
derivative (Rowe e t  a l . ,  1983; Hertz and Cloarc, 1984). In 
addition, xanthine oxidase has been reported also to be a major 
source of superoxide anion (Burton e t  a l . , 1984). As a result of 
ischaemia, xanthine dehydrogenase (NAD^ reducing enzyme) may convert 
to xanthine oxidase (superoxide producing enzyme) and this in the 



























Fig. (2) The sequence of events which may lead to free radical 
generation during myocardial ischaemia and reperfusion
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hypoxanthine which exist as a result of increased ATP degradation 
and decreased production, plus molecular oxygen supplied during 
reperfusion of the ischaemic tissue will result in superoxide anion 
production (McCord, 1985; Van der Vusse and Reneman, 1985).
Superoxide radicals can produce hydrogen peroxide according 
to the dismutation reaction (Frank, 1983; Rowe e t  a l . , 1983; Hess 
and Manson, 1984):
Og + Og + 2Hi, + Og (1)
This reaction can proceed spontaneously or it can be catalyzed by 
superoxide dismutase. Hydrogen peroxide can be converted by catalase 
to water, or interact with superoxide radicals according to the 
Haber-Weiss reaction under the catalytic effect af trace amounts 
of transition metals to generate the hydroxyl radical (Gutteridge, 
1982; Rowe e t  a t . ,  1983; Halliwell and Gutteridge, 1984; Hess and 
Manson, 1984):
2Hg02- cftalase ^ + 0^ (2)
^ Q  ^Q transition metal^O^ + oH + OH (3)
Haber Weiss reaction
Halliwell and Gutteridge, (1984) have reported that a simple 
mixture of hydrogen peroxide and ferrous salt can produce hydroxyl 
radicals via the Fenton reaction:
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+ H^O- > Fe^ "^  + OH + OH (4
Moreover, they have pointed out that reduced ion chelates in the 
presence of molecular oxygen may generate superoxide radical via 
the formation of the p0rferryl complex:
Under normal conditions, mitochondria generate a steady flux 
of superoxide radicals (Van der Vusse and Reneman, 1985). This flux 
is controlled by the intracellular scavenging defense mechanisms 
including superoxide dismutase, catalase, the GSH peroxidase-GSSG 
reductase cycle, a-tocopherol, ascorbic acid and reduced glutathione 
(Trush e t  a t . ,  1982; Frank, 1983). It is only when there is a decreased 
function of these protective mechanisms as in ischaemia (Van der 
Vusse and Reneman, 1985) or when there is excessive production of 
free radicals, that free radicals accumulate and exert their damaging 
effect (Meerson e t  a l . , 19 8 2 ) .
Free radicals have been reported to induce depolymerization 
of hyaluronic acid in synovial fluid, degradation of collagen, 
inactivation of enzymes (Brawn and Fridovich, 1980), damage to 
sarcoplasmic reticulum (Hess e t  a l . ,  1981; Jolly e t  a l . , 1984) and 
peroxidation of lipids in the cell membrane (Meerson e t  a l . , 1982) 
which will alter the ionic permeability of the sarcolemma. Free 
radicals, may also affect intracellular calcium sequestration 
(Hess e t  a l . , 1981) and these changes might be expected to lead 
to the development of arrhythmias (Clusin e t  a l . , 1982). But there 
is a little evidence for the role of oxygen free radicals in provoking 
reperfusion induced arrhythmias. Therefore it seemed worthwhile to
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see if they are generated on reperfusion of ischaemic myocardium and 
if they contribute to reperfusion arrhythmias.
1.12: Washout of catecholamines and membrane phospholipid
degradation products
Catecholamines are washed out during reperfusion of the 
ischaemic myocardium i n  v i v o (Riemersma, 1982) and i n  v i t r o  
(Rochette e t  a t . ,  1980; Abrahamsson e t  a t . ,  1983). This enhanced 
outflow of catecholamines may be induced by reperfusion itself or 
may simply represent washout of catecholamines released during 
ischaemia. The latter possibility is partly supported by the observations 
that the highest release of catecholamines was during the first minute 
following reperfusion and then declined rapidly (Abrahamsson e t  a t .  ,
1983; Schomig e t  a t .  , 1984) and that the omission of calcium from 
the perfusate could not abolish this increased catecholamine release 
(Abrahamsson e t  a t . ,  1984). On the contrary, Nayler and Sturrock 
(1984) have demonstrated no apparent noradrenaline release after 
15 minutes ischaemia followed by 1 minute reperfusion, but after 15 
minutes of reperfusion, the noradrenaline stores were depleted and 
they concluded that the noradrenaline that is lost during 15 minutes 
of ischaemia and reperfusion is mostly lost upon reperfusion. However, 
to what extent reperfusion itself causes the release of catecholamines 
from the nerve endings is still unknown.
The increased catecholamine release during reperfusion coupled 
with the antiarrhythmic effect of catecholamine depletors (Culling 
e t  a t . ,  1984) and some antiadrenergic drugs, in particular the 
a-adrenoceptor antagonists phentolamine and prazosin (Sheridan 
e t  a t . ,  1980; Benfey e t  a t . ,  1984) has led to the suggestion that
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catecholamines and a-adrenoceptor stimulation are involved in the 
development of these arrhythmias (Sheridan e t  a t . ,  1980). However, 
other investigations demonstrated that prazosin failed to attenuate 
reperfusion induced arrhythmias suggesting that a-adrenergic mechanisms 
may be unimportant in the genesis of these arrhythmias and the anti­
arrhythmic action of these drugs may not entirely be a consequence of 
their a-antagonist properties (Thandroyen e t  a t . ,  1983; Bolli 
e t  a t . ,  1984; Bralet e t  a t . ,  1985). It is possible that catecholamines 
releasedon reperfusion may undergo autoxidation and generate superoxide 
radicals which may contribute to their arrhythmogenic effects 
(Burton e t  a t . ,  1984).
Studies on reperfusion with propranolol, the most widely investi­
gated B-adrenergic blocking agent have also yielded contradictory results 
(Sheridan e t  a t . ,  1980 Benfey e t  a t . ,  1984), suggesting that its 
beneficial effect may be mediated by its class I antiarrhythmic prop­
erties or by reducing the myocardial oxygen demand but not entirely due 
to its B-antagonist properties (Benfey e t  a t . ,  1984).
Depletion of membrane phospholipids and its washout on reper­
fusion of ischaemic myocardium have been implicated in membrane dys­
function, electrophysiological derangements, development of arrhythmias 
and cellular injury in ischaemic myocardium (Chien e t  a t . ,  1984; Corr 
e t  a t . , 1984).
Lysophosphoglycerides are moieties with both hydrophobic 
and hydrophilic constituents. Because of their hydrophobic 
properties, they are readily incorporated into membranes, impairing 
their function (Corr e t  a t .  , 1982), and under certain conditions.
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can act as detergents with resultant dissolution of membrane 
constituents including cholesterol and phospholipids (Corr e t  a l . ,
1984). The net loss of membrane phospholipids is dependent upon 
the rate of phospholipid déacylation by endogenous phospholipases 
and the rate of reacylation by phospholipid acyltransferase activities 
(Chien e t  a l . ,  1984).
Lysophosphatidylcholine can induce electrophysiological 
derangements simulating those of ischaemia (for details and other 
actions refer to: Corr e t  a l . , 1982; Corr e t  a l .  , 1984).
C. Pharmacological interventions
1.13: Xanthine oxidase inhibition
Xanthine oxidase exists in mammals in two forms: a dehydrogenase 
and the oxidase form (Schoutsen e t  a t . ,  1983). In healthy tissues, 
this enzyme exists almost entirely as a dehydrogenase using NAD^ as 
an electron acceptor which does not produce superoxide anion 
(Schoutsen e t  a l . ,  1983; Chambers e t  a t . ,  1985). In the rat heart, 
it has been demonstrated that a brief period of ischaemia causes 
the enzyme to be converted to an oxidase which uses molecular 
oxygen as the electron acceptor producing superoxide anions (Schoutsen 
e t  a t . ,  1983; Burton e t  a t . ,  1984; Chambers e t  a t . ,  1985). The oxidase 
form of the enzyme has been shown to be a major source of free 
radicals in ischaemia (De Wall e t  a t . ,  1971) and reperfusion (McCord,
1985) induced tissue injury. Although, McCord (1985) has hypothesized 
that increased cytosolic calcium concentration which may exist
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during ischaemia can lead to activation of a number of calcium 
activated proteases responsible for the conversion of — >x^, this 
process is poorly understood at present (Chambers e t  a l . , 1985).
Allopurinol, the inhibitor of xanthine oxidase is rapidly 
metabolised in all living animals to oxypurinol (Nelson and Elion, 
1975). Both allopurinol and its metabolite oxypurinol are competitive 
inhibitors of xanthine oxidase in both its dehydrogenase and oxidase 
forms (De Wall e t  a l . ,  1971; Chambers e t  a l .  , 1985). Allopurinol is 
cleared rapidly from the body but oxypurinol persists in the plasma 
because of active reabsorption by the kidney tubule and is then 
excreted slowly (De Wall e t  a l .  , 1971; Nelson and Elion, 1975).
The possibility that allopurinol may reduce the severity of 
myocardial ischaemic injury following experimental coronary occlusion 
was suggested as early as 1971 by De Wall and colleagues. They 
reported that allopurinol was able to decrease the number of 
arrhythmias following coronary artery ligation and also decrease 
the concentration of purine metabolites in the coronary sinus 
blood. On the contrary, Reimer and Jennings, (1985) have shown that 
allopurinol has no beneficial effect on reperfusion induced myocardial 
infarction in the anaesthetized dog. Therefore, it seemed worthwhile 
to study the effect of allopurinol on reperfusion induced arrhythmias 
in the isolated rat heart.
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1.14: Free radical scavengers
Superoxide anion is eliminated by a family of enzymes which 
catalyze its dismutation and are called superoxide dismutases (Brawn 
and Fridovich, 1980). This group of enzymes are metalloproteic enzymes 
present in all oxygen-consuming organisms (Hertz and Cloarec, 1983). 
There are three kinds of superoxide dismutases, i.e. those based 
upon manganese, upon iron or upon both copper and zinc (Brawn and 
Fridovich, 1980). Their only known biological function is the 
dismutation of the superoxide radical, and the intracellular level 
of superoxide dismutase increases by exposure of organisms to 
oxygen (Hertz and Cloarec, 1983). The concentration of superoxide 
dismutase in biological cells is of the order of 10  ^M (Nishikimi, 
1975). All kinds of superoxide dismutases catalyze the same reaction 
and all operate by a similar mechanism in which the metal at the active 
site is alternately reduced and then reoxidized during encounters 
with superoxide radicals (Brawn and Fridovich, 1980).
Catalases and peroxidases are specific scavengers of hydrogen 
peroxide (Frank, 1983). The action of catalases is an oxidation- 
reduction in which one molecule of hydrogen peroxide acts as a 
reductant towards another hydrogen peroxide molecule. The net effect 
is the conversion of hydrogen peroxide into water and molecular oxygen. 
This is an efficient way to eliminate H^O^, since no other reductant 
is needed. In contrast, peroxidases use a non-peroxide reductant to 
reduce peroxide. Thus, for example, glutathione peroxidase catalyzes 
the reaction:
2G-SH + H^O^ >GS-SG + 2H 0
This is less efficient in that glutathione (G-SH) is used up and must 
be regenerated (Brawn and Fridovich, 1980).
26
The last class of specific free radical scavengers does not exist 
in biological cells as a defense mechanism and includeSmannitol and 
histidine (Lynch and Fridovich, 1978; Frank, 1983; Magovern e t  a l . ,
1984). Mannitol, in addition to being used as a hyperosmolar agent 
has been shown to be an effective scavenger of the cytotoxic 
hydroxyl radical (Hess e t  a l  . , 1981; Jolly e t  a l . ,  1984; Magovern 
e t  a l . , 1984). This effect may be due to the interaction of the 
aldehyde moiety of mannitol with the hydroxyl radical resulting in 
reduction of the free radical and formation of mannitol free radicals 
which are less toxic to biological cells (Magovern e t  a l . , 1984).
Histidine has also been reported to be a specific quencher of singlet 
oxygen (Lynch and Fridovich, 1978; Brawn and Fridovich, 1980) which 
may be generated through the interaction between 0  ^aod H^O^ (Lynch 
and Fridovich, 1978).
Furthermore, several antioxidants like ascorbic acid, a-tocopherol, 
cysteine and reduced glutathione may have free radical scavenging 
effects (Burton e t  a l . , 1984). Ascorbic acid is present in rather 
high amounts in both animal and plant tissues, its concentration in 
biological cells is of the order of 10 M (Nishikimi, 1975). Ascorbic 
acid has been indicated to have a free radical scavenging ability 
according to the following sequence (Nishikimi, 1975):
0 ^  + AH^ + H"" > H^O^ + AH
Cr + AH + H"" ^H^O^ + A
Members of the intracellular defense mechanism including 
dismutase, catalase, glutathione peroxidase and ascorbic acid 
have been shown to decrease during myocardial ischaemia (Rao e t  a l .
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1983; Jolly e t  a l . ,  1984), this has suggested the use of some 
exogenous free radical scavengers and antioxidants to replenish the 
myocardium with protective agents against the expected tissue damage 
by free radicals which may result due to the deficit in the defense 
mechanisms or the increased production of free radicals expected on 
reperfusion of ischaemic myocardium.
1.15: Agents affecting arachidonic acid metabolism
Arachidonic acid is a polyunsaturated fatty acid with a 20-carbon 
backbone and four double bonds. When released from phospholipids by 
specific phospholipases, free arachidonic acid immediately undergoes 
either enzymatic conversion by cyclo-oxygenase to endoperoxide 
intermediates which are converted to prostaglandins or thromboxanes, 
or enzymatic conversion by lipoxygenases to hydroperoxy acid inter­
mediates which form leukotrienes (Weksler, 1984).
Prostaglandin synthesis involves two stages, cyclo-oxygenation 
followed by polymerization or reductive cleavage of the endoperoxides 
(Higgp and Vane, 1983). In the endothelial or smooth muscle layers 
of the blood vessel wall, arachidonic acid is preferentially converted 
via cyclo-oxygenase to prostacyclin (PGI^), a potent vasodilator 
that inhibits platelet aggregation (Bunting e t  a l .  , 1983; Weksler, 
1984). In contrast, in blood platelets, spleen, kidney and lung 
tissues, arachidonic acid is preferentially converted by cyclo- 
oxygenase and thromboxane synthetase to thromboxane A^ , a powerful 
vasoconstrictor and inducer of platelet aggregation (Whittle and 
Moncada, 1983; Weksler, 1984).
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Lipoxygenases are a group of iron containing enzymes found 
in blood platelets, polymorphonuclear leucocytes and in many organs 
including lung, pituitary and vascular tissues (Taylor and Morris, 
1983). Leukotrienes have been reported to cause a marked reduction 
in coronary flow with decrease in contractility and reduction in 
spontaneous heart rate in rat hearts (Piper, 1983). Fig. (3) shows 
schematic representation of the two pathways of arachidonic acid 
metabolism.
There are a number of compounds available which interfere with 
prostaglandin and leukotriene synthesis. The glucocorticoids have 
been reported by Blackwell and Flower (1983) to have no direct effect 
upon phospholipase but interact with specific glucocorticoid 
receptors leading to the secretion and synthesis of proteins 
(macrocortins) that possess antiphospholipase properties. Non 
steroidal anti-inflammatory drugs like aspirin and indomethacin 
inhibit the cyclo-oxygenase step of arachidonic acid metabolism (Higgs 
and Vane, 1983). Imidazole compounds can selectively block the 
generation of thromboxane A^ by thromboxane synthetase from the 
cyclic endoperoxides without suppressing prostacyclin production 
by the vessel wall (Bunting e t  a l . , 1983).
The vasoconstrictor actions of leukotrienes on the coronary 
circulation suggest that they may be involved in conditions such 
as myocardial ischaemia and are generated locally in the coronary 
vascular bed (Piper, 1983). Furthermore, the release of prostaglandins 
has been reported to be increased during myocardial ischaemia 
















Fig. (3). Enzymatic conversion of arachidonic acid to 
prostaglandins and leukotrienes.
30
of prostaglandins and their synthesis inhibitors on arrhythmias 
resulting from coronary artery occlusion (For details see Coker,
1982). Therefore, it seemed worthwhile to investigate the effect 
of some inhibitors of arachidonic acid metabolism on reperfusion 
induced arrhythmias.
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Aim of the Present Investigation
The aim of this study was to develop a model for reliable 
and reproducible production of reperfusion induced arrhythmias 
in the isolated rat heart which elicits a high incidence 
of these arrhythmias.
To study the effect of the rate of coronary flow and rate 
of reperfusion on the severity of the resulting arrhythmias.
To investigate the influence of the ionic environments of 
the heart on the incidence of reperfusion arrhythmias and 
to try to find out the possible mechanisms of action of calcium, 
magnesium and potassium.
To study the possible role of oxygen free radicals in reper­
fusion arrhythmogenesis and cell membrane damage as indicated 
by the increase in ^^Rb^ efflux rate constant. This can be 
carried out by:-
a) Investigating the effects of free radical scavengers 
on reperfusion induced arrhythmias.
b) Detection of superoxide radicals in the perfusate of 
the isolated rat heart.
c) Investigating the effects of oxygen free radicals and 
oxygen free radical scavengers on the efflux rate 
constant of ^^Rb^.
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To study the effect of some agents which affect arachidonic 
acid metabolism and some vasodilating agents on reperfusion 





1. Induction of regional ischaemia and reperfusion i n  v i t r o  
Hearts from male Wistar rats (200 to 300 g University of 
Bath strain) were perfused retrogradely via the aorta at a constant 
flow of 10 ml/min and 37°C with a physiological solution of the follow­
ing composition (mM) NaCl 118; KCl 4.7; KH^PO^ 1.2; MgSO^ 1.2; NaHCO^
25; CaCl^ 1.23 and glucose 11 gassed with 95% 0^ , 5% CO^. A loose 
ligature was immediately placed round the main left coronary artery, 
both ends of the ligature were then passed through a short piece of 
polythene tubing 1 mm i.d. to form a snare. Following a 15 minutes equili­
bration period the composition of the perfusate was changed according 
to the aim of the experiment. In most of the experiments the potassium 
concentration of the perfusate was reduced to 3.2 mM, as low concentrations 
of potassium enhance the development of reperfusion-induced arrhythimas 
in the isolated rat heart (Lubbe e t  a l .  , 1978; Woodward and Zakaria,
1983). This was achieved by reducing the concentration of KCl from 4.7 
to 2.0 mM while maintaining the concentration of KH^PO^ at 1.2 mM. Five 
minutes later the drug under investigation was added to the perfusate 
and five minutes later the snare around the coronary artery was tightened 
and held in place with a small clip. An increase in perfusion pressure 
indicated successful ligation. Ten minutes later the clip holding the 
ligature was removed, a decrease in perfusion pressure indicated success­
ful reperfusion. Fig. (4) shows the perfusion protocol used. Epicardial
3.2 mM
Equilibration period + drug reperfusion
used
I — -------------------------------------------- ---------------------------- —  j -----------------------------------1-------------------------------1__________________________________ I  I , j
3.2 mM ligation
Fig. (4). The protocol of induction of regional ischaemia and reperfusion 
in the isolated perfused rat heart.
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ECGs were recorded on a Devices MX2 recorder, the recording electrodes 
being placed on the right atrium and left ventricle. As reperfusion 
arrhythmias are rapid in onset, ECGs were usually recorded for 3 min 
following reperfusion, however, in some experiments reperfusion was 
continued for 10 min when no serious arrhythmias occurred within 3 
minutes (see Results). Developed tension at a diastolic tension of 2 g 
was recorded via a Devices UFl isometric transducer attached to the 
tip of the left ventricle. This tension recording was used to trigger 
a Devices rate meter (4521) to monitor heart rate. Perfusion pressure 
was recorded with a Bell Howell pressure transducer (4-442).
Recordings were made on Devices M19 recorder. Developed tension 
was also recorded at a fast chart speed on the second channel of 
the MX2 recorder. In some experiments hearts were paced electrically 
using a Grass S48 stimulator. Pacing electrodes were placed on the 
A-V groove and the metal aortic cannula, stimulation parameters 
were square wave pulses 2 m sec duration, 5 Hz at a supramaximal 
voltage. In a preliminary series of experiments, it was determined 
that a 10 min occlusion period was optimal for the development of 
reperfusion arrhythmias. Fig. (5) shows diagrammatic representation 
of the perfusion apparatus. And Fig. (6) shows traces of perfusion 
pressure, developed tension and heart rate recordings during the 
time course of 10 min ischaemia and reperfusion in the isolated 
rat heart.
2. Induction of global ischaemia and reperfusion
In these experiments no ligature was placed around the left 
descending coronary artery. Global ischaemia was induced by reducing 
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Fig. (6). Traces of (A) perfusion pressure (mm Hg) (B) developed 
tension (g) and (C) heart rate (beats.min ^) 
recordings during the time course of 10 minutes of regional 
ischaemia and reperfusion in the isolated rat heart.
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pump for ten minutes then reperfusion started by reswitching on 
the perfusion pump.
3. Perfusion under a constant head pressure
Some hearts were perfused under a constant head pressure (100 cm 
H^O) by keeping the level of the surface of the perfusate always 
100 cm above the level of the heart.
4. Reoxygenation of anoxic myocardium
Ten minutes anoxia were induced using perfusate of the same 
composition as previously described but gassed with 95% N^ , 5% CO^, 
then ten minutes later reoxygenation was achieved by the use of 
perfusate gassed with 95% 0^ , 5% CO^. In these experiments anoxia 
and reoxygenation were induced instead of ischaemia and reperfusion.
5. Induction of ischaemia and reperfusion i n  v i v o
Rats were anaesthetized with pentobarbitone sodium 60 mg.kg  ^
intraperitoneally, with small additional amounts administered 
intravenously as required. Systemic arterial blood pressure was 
recorded from the left common carotid artery using a Bell Howell 
pressure transducer (4-442). A catheter was placed in a femoral 
vein for administration of drugs, and the trachea was cannulated 
to allow artificial ventilation. Arterial blood pressure and a standard 
lead II electrocardiogram were recorded on a Devices MX2 recorder. 
Rectal temperature was maintained at approximately 38°C. The chest 
was opened by left thoracotomy at the fifth intercostal space and 
the fifth and fourth ribs were sectioned approximately 2 mm from 
the left margin of the sternum. Immediately after opening the chest,
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the animals were ventilated with room air using a stroke volume 
of about 2 ml/100 g and a rate of 54 strokes/min which maintain 
arterial PO^, PCO^ and PH within the normal range. After opening 
the pericardium, the heart was exteriorized by gentle pressure on 
the chest walls and a ligature was placed under the left coronary 
artery (Clark e t  a t . ,  1980), both ends of the ligature were then 
passed through a short piece of polythene as described before. The 
heart was replaced in the chest cavity and any animal in which this 
procedure itself produced dysrhythmias or a sustained fall in mean 
arterial blood pressure to less than 70 mm Hg was excluded from the 
study at this point. After 15 minutes equilibration period the ligature 
was tied and held in place with a small clip for 10 minutes ligation 
period, then the clip was removed to achieve reperfusion.
6. Induction of arrhythmias by perfusing with arrhythmogenic
solution
Hearts were made to fibrillate in the absence of coronary ligation 
and reperfusion by perfusing with an arrhythmogenic solution which 
differed from the normal perfusate in that KOI and MgSO^ were reduced 
to 1.2 mM and 0 mM respectively while the CaCl^ level was increased 
from 1.23 mM to 4.92 mM. This perfusate caused VF after 255 ± 10 sec 
(n=5).
2.2 Criteria for arrhythmias
Premature ventricular contractions (PVCs) were clearly seen 
from the EGG and developed tension traces recorded on the MX2 recorder. 
Isolated PVCs were followed by a compensatory pause while runs 
of PVCs which constituted ventricular tachycardia (VT) always had
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smaller contraction amplitudes than normal.
Ventricular tachycardia (VT) was diagnosed as five or more 
consecutive PVCs. Ventricular fibrillation (VF) was diagnosed when 
the ECG recording showed chaotic activity with an amplitude less 
than that of the normal ECG. The total PVC number and the incidence, 
onset and duration of VF and VT were recorded. Fig. (7) shows ECG 
and developed tension recorded during the incidence of VT and VF 
on reperfusion following 10 minutes ischaemia.
2.3:Ferricytochrome C reduction
In some experiments hearts were perfused with ferricytochrome 
C (5 X 10  ^M). Its reduction after passing through the heart was 
measured at a wave-length of 550 nm in a Hilgar Gifford spectrophoto­
meter (Goldstein e t  a l . ,  1975).
2.4: Protein determination
Determination of protein in perfusate was done by the Lowry 
method (for details refer to Lowry e t  a l . ,  1951). Fig. (8) shows 
typical calibration curve for protein.
2.5: Lactate determination
Principle of assay
The basic equation for the spectrophotometrie assay of L-lactate
was :
LDH
Lactate + NAD + Hydrazine — —  •. ■ ^  Pyruvate hydrazone + NADH + H^
PH 9.5




Fig. (7). (A) ECG and (B) developed tension traces recorded 
on MX2 recorder sh owing the incidence of VT and VF 
on reperfusion after 10 minutes ischaemia in the 
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Fig. (8). Typical calibration curve for protein.
42
Therefore, the course of the reaction is followed spectrophotomet- 
rically by the increase in optical density due to the formation 
of NADH.
Assay procedure
Lactate was determined by a method similar to that described 
by Hohorst (1965). The following reagents were used :
(a) Hydrazine (1.25 M) - glycine (2M) buffer(containing 20 mM EDTA 
with pH adjusted to 9.5 with 2 M NaOH).
(b) Nicotinamide adenine dinucleotide (oxidised) 0.05 M.
(c) LDH (from rabbit skeletal muscle - Boehringer Cat. No. 127230) 
solution diluted with distilled water to give 0.5 ng.ml ^.
0.45 ml hydrazine buffer, 0.50 ml distilled water and 0.05 ml NAD^ 
were added to the cuvette, then 0.1 ml perfusate or distilled water 
(blank) was added, mixed thoroughly. The cuvette contents were 
allowed to warm to room temperature and the optical density was 
read at wavelength 340 nm twice with an interval of 3 min. LDH 
suspension was added and mixed into the experimental cuvette.
On completion of the reaction, the optical density was read 
twice and E^ (AE = E^ - E^ , was very small or zero)
Calculations; Extinction coeff. NADH^^^ = 6.22 x 10~^
O.D. X 6.22 X 10“  ^ = 1 M
The total volume = 1.105 ml
T 4 - 4 -  . , O.D. X 1.105 -Lactate content = m Moles6.22 X 1000
O.D. X 1.105 „ , ,. , _ _ .  ^,
= -- 6~22----  M Moles (in samples of 0.1 ml)
Lactate content (pMoles/ml) = ^ • P •_-_  ^ ]^ 0
6.22
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2.6: Malondialdehyde determination in heart tissue
Heart homogenate (10% w/v) was prepared in 0.2 M Tris-0.16 M 
KOI buffer of pH 7.4 and incubated for 1 hour at 37°C in a water 
bath. 1 ml aliquot was withdrawn from the incubation mixture and 
pipetted into a pyrex tube. This was followed by addition of 0.5 ml 
of 40% trichloroacetic acid and 0.25 ml of 5 N HCl. After mixing,
0.25 ml of 2% sodium a-thiobarbiturate was added. The tubes were 
boiled for 15 min and cooled in a bucket of ice. One ml of 70% 
trichloroacetic acid was then added and tubes were allowed to stand 
for 20 min, centrifuged at 2500 r.p.m. for 10-15 minutes and the 
colour read at a wavelength of 532 nm. The standard tubes contained 
1 nMoles of MDA (Singal e t  a l . ,  1983). Fig. (9) shows typical 
calibration curve for MDA.
2.7: Determination of vitamin E in serum
Serum samples (0.2 ml) or distilled water or standard vitamin 
E were put in very clean glasses and were diluted with 1 ml distilled 
water. Then 0.4 ml of methanol and 0.6 ml of hexane were added to 
each sample. They were then mixed very quickly for 30 seconds. Samples 
were centrifuged at 1000 r.p.m. for 10 min. Vitamin E was present 
in the hexane phase (upper layer). These extracts were read on the 
spectrophotofluorimeter at excitation wavelength 295 nm and emission 
wavelength 330 nm.The values corresponding to each sample were 
obtained by extrapolation on a calibration curve plotted with 
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2.8: Determination of  ^efflux rate constant by liquid
scintillation counting
A) Experimental Protocol
After a 5 min equilibration period as described at (2.1), hearts 
were loaded with ^^Rb  ^ (0.2 pCi/ml) for 10 minutes, then washed 
for 30 minutes period by perfusion with Krebs solution and a sample 
was collected every minute during the last 15 min representing 
the control samples while samples of the first 15 min were discarded. 
Hearts were then perfused with Krebs solution with changed K^ 
concentration and five minutes later, the drug under investigation 
was included in the perfusate. Five minutes later, the left descending 
coronary artery was ligated for 10 minutes and then the ligature 
was released for 3 minutes. A sample was collected every minute 
over the whole experiment except on reperfusion when samples were 
collected every 30 seconds.
B. Treatment of samples
4 ml of scintillation cocktail were added to 1 ml of perfusate 
solution, shaken and counted in the liquid scintillation counter 
(LKB 1215).
Heart tissue samples were dissolved in 5 ml of 1 N KOH for 
48 hours, neutralized with 5 ml of 1 N HCl. 1 ml of the neutral 
solution was added to 4 ml scintillation cocktail, shaken and 
counted in the liquid scintillation counter (Durbin and Jenkinson,
1961).
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C ) Treatment of results
Efflux rate constants were calculated by dividing counts in 
the perfusate by the number of counts contained in the heart during 
the collection period;
. -1 counts in perfusate Efflux rate constant.min --------- ---------tissue count x collection time (min)
N.B.: Tissue count = the counts in perfusate after this minute plus 
counts found in the heart at the end of the experiment.
D ) Construction of quench curve
A quench curve was constructed by the use of the external standard 
channel ratio as follows:
Four ml of scintillation cocktail (optaphase safe) and 0.02 yCi 
of ^^Rb  ^were added to 10 mini-vials. Quantities of 20, 40, 60,
80, 100, 120, 140, 160 and 180 ul of CCl^ were added to tubes 
2, 3, 4, 5, 6, 7, 8, 9 and 10 respectively. Then the volume was 
completed to 5 ml with distilled water to simulate the emulsion 
system found in the experimental conditions, then the tubes were 
capped and shaken.The activity in 0.02 pCi of ^^Rb  ^was counted 
in terms of dpm and entered in the counter. Samples were then loaded 
into the LKB 1215 liquid scintillation counter which had been 
programmed to count the samples and to construct automatically a 
quench curve (Fig. 11). This curve was stored in the counter's 
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Fig. (11). Quench curve for  ^determined by LKB 1215
liquid scintillation counter.
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2.9: Determination of H-NA release by liquid scintillation 
counting
The method and calculation used are the same as in Chapter 
2.8, except in that the heart was loaded with 0.17 pCi/ml (instaed 
of 0.2 pCi/ml) for the same period of time (10 minutes). Fig. (12) 
shows the quench curve for tritium.
2.10: Statistical methods
Results are presented as mean ± S.E.M. The test was used 
to compare the incidence of VT and VF in control and drug treated 
groups. The Wilcoxon Rank Sum test was used to compare PVC numbers 
and the onset and duration of VT and VF. Students t-test was used 
to compare changes in perfusion pressure, developed tension, heart 
rate and the other biological measurements. P < 0.05 was considered 
to be significantly different from control values.
2.11: Materials used





N-butylimidazole Koch Light Labs
Catalase Sigma
Dazoxiben Pfizer
Desf errioxamine Ciba Labs
DexamethaSone Sigma





















1.250J J£> 500 .  /'by
Fig. (12). Quench curve for tritium determination by the LKB 
1215 liquid scintillation counter.
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"Effect of the preceding period of ischaemia and the 
model of induction of reperfusion on the severity 
of the developing arrhythmias"
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Section A: Results
3.1: Determination of the optimal occlusion period for the
development of reperfusion arrhythmias
It was important to start with determination of the optimal 
occlusion period which induces the highest incidence of reperfusion 
arrhythmias in general and VF in particular in order to guide 
the extension of work in this thesis. Fig. (13) shows a bell-shaped 
relationship between number of PVCs developing on reperfusion 
and the period of preceding ischaemia with highest development 
of PVCs on reperfusion after 15 to 20 minutes of ischaemia.
Fig. (14a) shows a gradual increase in VT incidence with increasing 
the preceding ischaemic period until it reached 100% on reperfusion 
after 15 min or longer periods of ischaemia. As in Fig. (14b), 
the shortest onset of VT existed after 10 minutes and increased 
by increasing the ischaemic period. The longest duration of VT 
occurred after 10 minutes of ischaemia and decreased by increasing 
the ischaemic period (Fig. 14c). Fig. (15 a,b) shows a highest 
incidence and shortest onset of VF on reperfusion after 10 min 
of ischaemic period. Duration of VF was found to be higher after 
10 min, then decreased by increasing the ischaemic period until 
20 min and increased again until it reached the maximum after 
reperfusion after 30 minutes of ischaemia (Fig. (15c)). There­
fore, 10 min is the optimal occlusion period for the highest 
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Fig. (13). Effect of the length of the preceding ischaemic 
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Fig. (14). Effect of the preceding period of ischaemia on
A) VT incidence(%)
B) VT onset (sec)
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Fig. (15). Effect of the preceding period of ischaemia on
A) VF incidence (%)
B) VF onset (sec)
C) VF duration (sec)
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3.2: Comparison of reperfusion arrhythmias induced in some
different rat heart models
After determination of the optimal occlusion period for reper­
fusion arrhythmias as being 10 minutes it was logical to find 
out if the incidence of reperfusion arrhythmias after regional 
ischaemia using a constant flow rate differed from that occurring 
on reperfusion of globally ischaemic hearts or that occurring under 
constant head of pressure, or that occurring ' in v i v o .
Fig. (16) shows that the number of PVCs occurring on reper­
fusion of ischaemic myocardium i n  v i v o  was more than three times 
higher than that on reperfusion i n  v i t r o  after regional ischaemia 
and more than that on reperfusion after global ischaemia either 
in absence or presence of pacing (used to prevent the dramatic 
decrease in heart rate). PVCs numbers in both reperfusion after 
regional ischaemia under constant flow rate and after regional 
ischaemia under constant head pressure were approximately similar. 
The incidence of VT was high and similar in the three models 
of regional ischaemia while the incidence of VT was zero on reper­
fusion after global ischaemia (Fig. (17a)). Furthermore, no 
variation in VT onset (Fig. (17b)) existed among the three models 
of regional ischaemia but the duration of VT was 2Vz times longer 
in the i n  v i v o model than those in the i n  v i t r o  models (Fig. (17c))
Pacing of the globally ischaemic heart (at 250 b.min ^) had little
effect on VT developed on reperfusion. In Fig. (18a) it can be
seen that VF incidence was slightly higher in the model of
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Fig. (16). Numbers of PVCs developed during reperfusion after:
10 minutes ischaemia i n  v i v o , 10 minutes regional 
ischaemia using constant flow rate (10 ml.min ^, 3.2 mM 
), 10 min regional ischaemia under constant head 
pressure (100 cm H O^, 3.2 mM K^ ), 10 min global 
ischaemia (3.2 mM K^ ) and 10 minutes global ischaemia 
and pacing (250 b.min  ^started 2 min before the onset
of ischaemia until the end of the experiment, 3.2 mM K ).
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Fig. (17); a)Incidence, b) onset and c) duration of VT developed
during reperfusion after: myocardial ischaemia i n  v i v o ,  
regional ischaemia using constant flow rate (10 ml.min” ,
3.2 mM K^), global ischaemia (3.2 mM K+) and global ischaemia 
in the presence of pacing (250 b.min~^ started 2 min before the 
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Fig. (18). a) incidence, b) onset and c) duration of VF developed 
during reperfusion after: myocardial ischaemia i n  v i v o ,  
regional ischaemia using constant flow rate (10 ml.min"^,
3.2 mM K ), regional ischaemia under constant head pressure 
(100 cm H^O, 3.2 mM K'*’) and global ischaemia in the presence 
of pacing (250 b.min“  ^started 2 min before the onset of 
ischaemia till the end of the experiment, 3.2 mM K'*').
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models, while no VF developed on reperfusion after global ischaemia 
(n = 5). A longer VF onset and shorter VF duration were seen 
in the i n  v i v o model than in the i n  v i t r o  models (Figs. (18 b and c)
3.3: Relationship between head pressure and reperfusion induced
arrhythmias
Preliminary experiments to study the effect of perfusion 
pressure on the development of reperfusion arrhythmias and coronary 
flow were performed. The results of these experiments are shown 
in Figures 19 - 22. From these experiments, it was found that 
PVCs number developed on reperfusion increases with increasing 
perfusion pressure until it becomes significantly different at 
a pressure 100 cm H^O compared with 50 cm H^O (Fig. (19b)). 
Similarly, the incidences of VT and VF were also found to increase 
with increasing perfusion pressure (Figs. (20a) and (21a)). The 
onset of VT and VF was reduced with high perfusion pressures 
while the duration of these arrhythmias increased at high 
perfusion pressures (Figures (20) and (21)). Figures (19a) and 
(22) show that there are significant positive correlations between 
constant head pressure (cm H^O), and incidence of VT % (r = 0.956,
t = 4.584, Y = 0.89x + 21.76), incidence of VF % (r = 0.984,
t = 7.903, Y = 0.69x + 52.7) and coronary flow rate (r = 0.997,
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Fig. (19). A) Correlation between head pressure (cm H^O) and 
coronary flow rate (ml.min” )^. B) Number of PVcs 
developed on reperfusion of regionally ischaemic 
myocardium under different head pressures (50 -
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Fig. (20). a) Incidence, b)onset and c) duration of VT
precipitated during reperfusion of regionally 
ischaemic myocardium under different head 
pressures (50 - 100 cm H^ O, 3.2 mM K^).
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Fig. (21). a) Incidence, b) onset and c) duration of VF 
precipitated during reperfusion of regionally 
ischaemic myocardium under different head 
pressures (50 - 100 cm H^O, 3.2 mM ).
* P < 0.05.
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Section B; Discussion
Reperfusion induced arrhythmias in the isolated rat heart 
model used in the present study may have some resemblance to human 
arrhythmias which are thought to cause sudden cardiac death in 
man. This is supported by the absence of complete coronary occlusion 
in patients autopsied after sudden cardiac death suggesting that 
a lethal event may have followed reperfusion of ischaemic myocardium 
via spontaneous lysis of thrombus formed due to platelets aggre­
gation, vasodilation of an obstructed artery or increased collateral 
flow to an ischaemic region(Corrand Witkowski, 1984). The 
development of ventricular arrhythmias during intracoronary thrombo­
lysis in patients (Goldberg e t  a t , , 1983) may provide also 
a support to the applicability of experimental reperfusion induced 
arrhythmias to the clinical situation. However, because it is 
difficult to obtain data on pharmacological prevention of VF and 
sudden death in man and higher primates because of the unpredictable 
onset of the arrhythmias, therapeutic attitudes will have to be 
based on data obtained from basic animal models. The aim should 
remain to induce VF using mechanisms which are closely associated 
with the development of VF in the clinical situation, e.g. 
regional ischaemia (Lubbe e t  a t . , 1978) and reperfusion.
In the present study, the rat has been used as experimental 
animal. It has the following advantages: a) economic in price, 
b) surgery is easy, c) a small amount of drug is needed because 
of its small size, d) very little collateral flow exists in rat 
which is similar to healthy man, and e) myocardial ischaemia is
66
complete in rat due to very low collateral circulation which will 
produce high incidence of reperfusion induced arrhythmias which 
suggests that rat could be used reliably in antiarrhythmic evalua­
tions (Bergey e t  a l . ,  1982). On the other hand,the rat has the 
following disadvantages when compared with other mammalian species: 
a) rat heart has different electrophysiology and electrocardiogram 
from other mammalian species. The rat heart has a briefer QRS 
duration and effective refractory period than dog heart for example 
In addition, in the adult rat the T wave follows upon the QRS
complex without an isoelectric ST segment, this is due to the
brief duration and lack of a plateau phase of the rat ventricular 
myocardial action potential (Spear, 1981). b) The rat heart is 
small and is prone to spontaneous defibrillation particularly 
if a reentrant or circus mechanism is the cause of the arrhythmia 
because reentrant pathways may be relatively shorter than in other 
species with larger hearts. This could augment the antiarrhythmic 
activity of agents to be examined (Bergey e t  a l .  , 1982; Bergey 
and Beil, 1983). c) A marked seasonal variation in the incidence 
of ligation induced ventricular fibrillation has been shown in 
the rat which may be due to seasonal variations in hormonal, 
nervous and metabolic activity in the rat (Abrahamsson and Almgren, 
1981). This is less of a problem i n  v i t r o .
In the present investigation, the i n  v i t r o  model has been
chosen because it has the following advantages over the i n  v i v o  
model: a) Its simplicity, b) It gives as much information as the 
i n  v i v o model, c) It is devoid of extracardiac reflexes and 
haemodynamic changes while coronary flow and heart rate can be
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controlled. This means that any actions relating to arrhythmias 
are more likely to be the result of direct effects of the drug 
on the electrical activity of the heart and not due to non specific 
anti-ischaemic actions, d) The effect of the anaesthetic agents 
is avoided, e) The possibility of the effect of seasonal variation 
is also eliminated by the use of the i n  v i t r o  model, f) There 
is a consistent occurrence and higher incidence of reperfusion 
induced arrhythmias in this model compared with the i n  v i v o  model.
On the contrary, the i n  v i t r o  model used in this study has the 
following disadvantages compared with the i n  v i v o  model: a) It 
ignores the effect of blood on reperfusion induced arrhythmias 
e.g. the role of free radicals generated by blood neutrophils 
and the effect of some prostanoid compounds synthetized by blood 
platelets on the severity of these arrhythmias, b) The need to 
use high flow rate in the i n  v i t r o  model in order to achieve normal 
oxygen tension in the heart tissue because of the poor carrying 
capacity of the Kreb's solution compared with the high oxygen 
carrying capacity of blood haemoglobin. This high flow rate might 
affect the severity of reperfusion induced arrhythmias (Figures:
(19) to(2l)). c) It ignores the extracardiac reflexes which may 
indirectly affect the severity of the resulting arrhythmias, d) 
ir^ this model, the heart is not working and there is no after 
load. This also can be expected to affect the severity of the 
arrhythmias.
In the present study, the i n  v i t r o  model using a constant 
flow system has been used throughout the study. It has an advantage 
of the global ischaemia model in that it creates electrophysiological
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and biochemical difference between the ischaemic and non ischaemic 
regions. This difference may have a maiiced effect on the development 
of reperfusion induced arrhythmias. The constant flow i n  v i t r o  
model has also an advantage over the constant pressure model in 
that the effect of coronary steal on reperfusion arrhythmias can 
be assessed. Furthermore, when the incidence of reperfusion induced 
VF was compared in the three i n  v i t r o  models: global ischaemia, 
regional ischaemia using a constant head of pressure and regional 
ischaemia using a constant flow rate, it was found that the constant 
flow model had the highest incidence of ventricular fibrillation 
(Figs. (16) to (18)). On the other hand, this model has the drawback 
that the effect of the change in flow rate induced by vasodilators 
on reperfusion arrhythmias is not seen.
The highest incidence of reperfusion induced ventricular 
fibrillation was found to occur after 10 minutes coronary artery 
ligation in the constant flow i n  v i t r o  model (Figs. (13)to (15)) 
this is consistent with what has been shown in dogs i n  v i v o  that 
susceptibility to VF during reperfusion was maximal after 10 
minutes of ischaemia and the ventricular fibrillation threshold 
v/as greatly reduced on reperfusion after this period of myocardial 
ischaemia (Axelrod e t  a l . ,  1975; Corbalan e t  a l . ,  1976). In the 
anaesthetized rat model the optimal period of ischaemia required 
for the highest incidence of reperfusion induced arrhythmias was 
found to be 5 minutes (Kane e t  a l .  , 1984; Manning and Hearse,
1984), this could be due to the higher heart rate in this model 
than that in the i n  v i t r o  model. On the other hand, in other studies 
using isolated guinea pig hearts and the anaesthetized dog.
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reperfusion arrhythmias have been shown to be most frequent 
following 20 to 30 minutes of ischaemia (Balke e t  a l . ,  1981;
Penny and Sheridan, 1983). This contradiction could be due to 
the variation in collateral circulation among the different species 
or due to the use of different models. In guinea pigs reperfusion 
was induced after global ischaemia (Penny and Sheridan, 1983) 
therefore longer periods of reduced flow perfusion could be required 
to produce myocardial ischaemia while the dog heart has been reported 
to have an extensive and variable degree of collateral blood 
supply (Bergey e t  a l . , 1982) which may be responsible for
the variation in the optimal period of ischaemia needed for the 
development of reperfusion induced arrhythmias among different 
studies using this species.
The present investigation shows similar incidence of reper­
fusion induced VT and VF in both the i n  v i v o  and the isolated 
rat heart models. This suggests that the severity of arrhythmias 
developing on reperfusion of ischaemic myocardium is not markedly 
affected by the extracardiac autonomic reflexes. The number of 
PVCs was higher in the i n  v i v o  model and this could be due to 
the fact that the heart rate is higher in the i n  v i v o  model than 
that in the i n  v i t r o  model. Furthermore, the increase in the 
incidence of reperfusion arrhythmias as a result of increasing 
the rate of flow by increasing the head of pressure provides an 
evidence for the detrimental effect of sudden and rapid reperfusion 
of ischaemic myocardium. This concept is supported by the data 
of slow reperfusion (Chapter 4) in this study and by what had 
been demonstrated by Petropoulos and Meijne(1964) that gradual
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rather than rapid reperfusion after reduced flow global ischaemia 
in the anaesthetized dog performed by perfusion of the circumflex 
branch of the left coronary artery with low-molecular dextran 
or Tyrode solution at low flow rate attenuated the associated 
ventricular arrhythmias. The data in this chapter acted as a 
preliminary work which guided the whole study in this thesis.
CHAPTER 4
"The effect of potassium, magnesium and calcium 




It was worthwhile examining the effects of K^ , Mg^^ and Ca^^ 
on reperfusion arrhythmias because these ions are known to affect 
the incidence of arrhythmias in man (Johnson e t  a l . ,  1979). There­
fore a study of the effects of these ions on reperfusion induced 
arrhythmias was carried out.
4.1: Effect of potassium on reperfusion eurrhythmias
There was no significant change in the number of PVCs developed 
on reperfusion of ischaemic myocardium with different potassium 
concentrations (Fig. (23)). Potassium (2.5 - 10.0 mM) produced 
a concentration dependent reduction in the incidence of VT and 
VF (Figs. (24a) and (25a)). There was no significant effect of 
potassium on the onset of VT and VF or on the duration of VT 
(Fig. (24b and c) and Fig. (25b)). The duration of VF was 
negatively correlated with the potassium concentration (r = -0.913). 
Over the range of 2.5 - 10.0 mM there was a significant negative 
correlation between potassium concentration and the incidence 
of VF (r = -0.991) (Fig. (26a)).
4.2: Haemodynamic effects of changing potassium
Potassium was found to cause a concentration dependent vasodil­
ation as indicated by a reduction in perfusion pressure (Fig.
(27a)) and positive inotropic effect (Fig. (27b)). In Fig. (26b) 
it can be seen that there was a significant negative correlation
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Fig. (23). Effect of potassium on the number of PVCs developed 
during reperfusion in the isolated rat heart. 
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Fig. (24). Effects of potassium on a) the incidence, b) onset 
and c) duration of VT developed during reperfusion 
in the isolated rat heart. Magnesium 1.2 mM; calcium
1.2 mM. Values in B and C in this and other Figures 
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Fig. (25). Effects of potassium on a) the incidence, b) onset 
and c) duration of VF developed during reperfusion 
in the isolated rat heart. Magnesium 1.2 mM; calcium
1.2 mM. In this and other Figures * P < 0.05. C.W. 
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Fig. (26). Correlation between potassium concentration and a) VF 
incidence %, b) change in perfusion pressure % and c) 
change in developed tension % in the isolated rat heart 
Magnesium 1.2 mM; calcium 1.2 mM.
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between potassium concentration and change in perfusion pressure 
The change in developed tension was positively correlated with 
the potassium concentration (Fig. (26c)).
4.3: Effect of magnesium on reperfusion arrhythmias
Magnesium at a concentration 4.8 mM reduced the number of 
PVCs when compared with lower concentrations (Fig. (28)). Magnesium 
(0 - 4.8 mM) also produced a concentration dependent reduction 
in the incidence of VT (r = -0.976) and VF (r = -0.979) (Figs. 
(29a), (30a) and (31a)). Magnesium at concentrations 2.4 and 4.8 mM 
significantly increased the onset and reduced the duration of 
VT (Fig. (29b and c))and VF (Fig. (30b and c)).
4.4: Haemodynamic effects of changing magnesium
Magnesium (0 - 4.8 mM) produced a concentration dependent 
bradycardia (Fig. (31b) and Fig. (32c)), vasodilation (as 
indicated by the fall in perfusion pressure. Fig. (32a)) and negative 
inotropic action (Fig. (31c) and Fig. (32b)).
4.5: Effect of magnesium and potassium on reperfusion arrhythmias
Tables (1 and 2) show the effects of a wider range of combin­
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Fig. (27). Effects of potassium on a) perfusion pressure, b) developed tension^ 
c) heart rate in the isolated rat heart. Magnesium 1.2 mM; calcium
1.2 mM. In this Figure and other Figures open columns represent
5.9 mM and hatched columns represent changed concentration
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Fig. (28). Effect of magnesium on the number of PVCs
developed during reperfusion in the isolated rat 
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Figure (29). Effects of magnesium on a) the incidence, b) onset 
and c) duration of VT developed during reperfusion 
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Fig. (30). Effects of magnesium on a) the incidence, b) onset 
and c) duration of VF developed during reperfusion 
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Fig. (31). Correlation between magnesium concentration and a) VF
incidence %, b) change in heart rate % and C) change in 
developed tension % in the isolated rat heart. Potassium
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Fig. (32). Effects of magnesium on a) perfusion pressure, b)
developed tension and c) heart rate in the isolated 
rat heart. Potassium 5.9 mM; calcium 1.2 mM.
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VT. The combination of low magnesium and low potassium exerted a 
potent arrhythmogenic effect while increasing the concentration 
of one or both of these ions reduced the incidence of these serious 
arrhythmias. There was a significant negative correlation between 
the total magnesium plus potassium concentration (mM) and the 
incidence of VF (r = -0.916) and VT (r = -0.874). These results 
demonstrate the additive antiarrhythmic action of magnesium and 
potassium over the concentration ranges studied. There was no 
significant correlation between the total magnesium plus 
potassium concentration (mM) and the onset and duration of VT 
(Tables 3 and 4) and VF (Tables 5 and 6).
4.6: Effect of electrical pacing on the antiarrhythmic action 
of magnesium
In order to determine the effect of the magnesium induced 
bradycardia (Fig. (32c)) on reperfusion arrhythmias, a series 
of experiments were carried out in which heart rate was maintained 
constant at 300 b.p.m. by means of electrical pacing. The results 
of these experiments are shown in Table (7b). The low potassium 
concentration (3.2 mM) used in these experiments results in a 
high incidence of arrhythmias at the normal magnesium concentration 
of 1.2 mM (Fig. (25a)). Despite this and the fact that heart rate 
was maintained at 300 b.p.m. it can be seen that magnesium was 
still capable of reducing the development of VF in a concentration 
dependent manner (Table (7b)). However, when compared with hearts 
which were not paced (Table (7a)) it is clear that the protective 
effect of magnesium is reduced in the paced hearts as there is
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2+ +Table 1. Effects of different combinations of Mg and K on
the % incidence of reperfusion induced VT in the isolated
rat heart. Calcium 1.2 mM (n = 5 - 21).
Mg^^(mMÎ
2.5 3.2 4.5 5.9 7.5 10.0
0 80 100 44
1.2 100 86 90 63 22 22
2.4 36 60 31 33
4.8 22 20 0
Table 2. Effects of different combinations of Mg^^ and on the
% incidence of reperfusion induced VF in the isolated
rat heart. Calcium 1.2 mM (n = 5 - 21)
K+(mM)
Mg^^(mM)
. 2.5 3.2 4.5 5.9 7.5 10.0
0 100 78 44
1.2 100 90 80 53 22 0
2.4 36 60 23 33
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no significant reduction in the incidence of VT or in the number 
of PVCs.
4.7: Effect of magnesium on reperfusion arrhythmias in hearts 
perfused at a constant head of pressure and constant heart 
rate
Under the constant flow conditions of the above experiments, 
the fall in perfusion pressure induced by the vasodilator action 
of magnesium could influence the distribution of coronary flow 
and the rate of reperfusion of the ischaemic tissue via a coronary 
steal effect. Slow reperfusion has been shown to reduce the severity 
of reperfusion induced arrhythmias (Chapter 1.7 and Figs. (33),
(34) and (35)), therefore a series of experiments were carried 
out in which hearts were perfused at a constant head of pressure. 
Under these conditions coronary flow can vary and is determined 
by coronary resistance. These hearts were also paced at 300 b.p.m. 
in order to prevent magnesium induced bradycardia. The results 
of these experiments are shown in Table (7c). Magnesium produced 
a concentration dependent reduction in VF, however none of the 
other arrhythmia parameters were affected by magnesium. Therefore, 
these results are very similar to those shown in Table (7b) where 
coronary flow was not altered.
4.8: Effects of post-ligation administration of potassium and 
magnesium
The effects of 10 mM potassium and 4.8 mM magnesium have been 
studied when administered just before reperfusion. These late
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S L O W
Fig. (33). Effects of post-ligation increase in Mg^^; slow
reperfusion, and post-ligation increase in on the
number of PVCs developed during reperfusion. Potassium
has been increased from 3.2 mM to 10 mM; magnesium
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P O ST -  
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2+Fig. (34). Effects of post-ligation increase in Mg , slow reper­
fusion and post-ligation increase in on a) the
incidence, b) onset and c) duration of VT developed 
during reperfusion. Potassium has been increased 
from 3.2 mM to 10 mM; magnesium from 1.2 mM to 4.8 mM.
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onset and c) duration of VF developed during reperfusion. 
Potassium has been increased from 3.2 mM to 10 mM; 
magnesium from 1.2 mM to 4.8 mM.
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changes in ionic composition would reduce any anti-ischaemic action 
of these ions. To allow sufficient time for complete mixing to 
occur in the dead space of the perfusion system the ionic changes 
were made in groups of nine hearts 2 min before reperfusion i.e.
8 min after coronary ligation. In these experiments the control 
group of animals (n = 21) had potassium and magnesium concentrations 
of 3.2 mM and 1.2 mM respectively in order to induce a high 
incidence of arrhythmias.
Reperfusion in the presence of a post ligation increase 
in magnesium (4.8 mM) reduced the number of PVCs (Fig. (33)) 
and the incidence of VT (Fig. (34a)) and VF (Fig. (35a)). The 
reduction in VF incidence and PVCs number were significant. There 
was no significant change in the onset and duration of VT (Fig.
(34b and c)) and VF (Fig. (35b and c)). Therefore magnesium still 
had an antiarrhythmic action when given post ligation, however 
its beneficial effect was less than when it was given before 
ligation (Figs. (28), (29) and (30)).
The post ligation administration of potassium (10 mM) 
completely prevented the development of VF (Fig. (35)) and reduced 
the incidence of VT (Fig. (34a)) and the number of PVCs (Fig.
(33)). There was no significant change in the onset and 
duration of VT (Fig. (34 b and c)). Therefore, the protective 
effect of potassium (10 mM) was the same whether it was given 
before or after coronary ligation.
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4.9: Effect of calcium on reperfusion arrhythmias
Unlike potassium and magnesium, calcium had an adverse effect 
on the development of reperfusion induced arrhythmias. Increasing 
the calcium concentration (0.6 - 2.4 mM) produced no significant 
effect on the number of PVCs (Fig. (36)), increased the incidence 
of VT (Fig. (37a))and VF (Fig. (38a)) and also prolonged the 
duration of VF (Fig. (38c)). At 0.6 mM calcium the incidence 
of VT was significantly reduced when compared with calcium 
concentrations of 1.2 or 2.4 mM. There was no significant change 
in the onset of VT (Fig. (37b)) and VF (Fig. (38b)) with changing 
calcium concentration.
4.10: Haemodynamic effects of changing of calcium
Calcium (0.6 - 2.4 mM) produced concentration dependent 
increases in developed tension (Fig. (39b)) and heart rate (Fig. 
(39c)), and a fall in perfusion pressure (Fig. (39a)). There 
was a significant positive correlation between calcium concentration 
and change in heart rate % (Fig. (40b)).
4.11: Effect of verapamil on reperfusion arrhythmias
Verapamil, the widely used calcium channel antagonist,
- 8  - 7at concentrations 10 and 10 ^produced changes in the development 
of reperfusion arrhythmias similar to those produced by decreasing 
the concentration of calcium. Verapamil (10 and 10~ M) produced 
concentration dependent reduction in the incidence of VT (Fig.
(42a)) and VF (Fig. (43a)). The time of onset (Fig. (43b)) and
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Fig. (36). Effect of calcium on the number of PVCs developed
during reperfusion in the isolated rat heart. Potassium
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Fig. (37). Effects of calcium on a) the incidence, b) onset and 
c) duration of VT developed during reperfusion in 
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Fig. (38). Effects of calcium on a) the incidence, b)onset and 
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Fig. (39). Effects of calcium on a) perfusion pressure, b) developed 
tension and c) heart rate in the isolated rat heart. 
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Fig. (41). Effect of verapamil (10 and 10 M) on the number 
of PVCs developed during reperfusion in the isolated 
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Fig. (42). Effects of verapamil (10 and 10 M) on a) the
incidence, b) onset and c) duration of VT developed 
during reperfusion in the isolated rat heart. 
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Fig. (43). Effects of verapamil (10 and 10 M) on a) the
incidence, b) onset and c) duration of VF developed 
during reperfusion in the isolated rat heart. Potassium
5.9 mM, magnesium 1.2 mM and calcium 1.2 mM.
im
the duration (Fig. (43c)) of VF was increased and decreased
-7
significantly by increasing verapamil concentration to 10 M. 
Verapamil produced no significant change in the number of PVCs 
(Fig. (41)) or in the onset and duration of VT (Fig. (42 b and 
c ) ) .
4.12: Haemodynamic effects of verapamil
Verapamil (10 and 10 M) produced concentration dependent 
reduction in perfusion pressure and developed tension (Fig. (44a 
and b)). Although changes in H.R. were small there was a 
significant negative correlation between verapamil concentration 
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-8 —7Fig. (44). Effects of verapamil (10 and 10 M) on a) perfusion 
pressure, b) developed tension and c) heart rate in 
the isolated rat heart. Potassium 5.9 mM; magnesium
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heart rate %. Potassium 5.9 mM; magnesium 1.2 mM 
and calcium 1.2 mM.
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Section B: Discussion
The results of this study demonstrate that the severity 
of reperfusion induced arrhythmias in the isolated rat heart 
are dependent on the ionic composition of the perfusate. Potassium 
(2.5 to 10 mM) and/or magnesium (0 to 4.8 mM) attenuated these 
arrhythmias, while calcium (0.6 to 2.4 mM) exacerbated them.
The present study confirms and extends what has previously 
been shown by Lubbe and his colleagues (1978) that potassium 
(3 to 12 mM) protected the isolated rat heart against reperfusion 
induced arrhythmias. In the present study a constant flow system 
was used while Lubbe e t  aZ. (1978) used constant perfusion pressure 
system. The major effect of potassium on the haemodynamic parameters 
recorded was to cause a concentration dependent fall in perfusion 
pressure (Fig. (27a)) which is a measure of vasodilation. Using 
the constant perfusion pressure system described by Lubbe e t  
a l . (1978), this vasodilator action of potassium would increase 
coronary flow. The fact that potassium reduces reperfusion induced 
arrhythmias in both constant pressure (Lubbe e t  a t . , 1978) and 
constant flow systems shows that potassium is exerting an anti­
arrhythmic action independent of coronary flow changes. This 
is in agreement with the findings of Winslow e t  a t . (1983) i n 
the isolated rat heart model perfused at a constant pressure 
that protection against reperfusion induced arrhythmias does 
not relate to coronary vasodilation. However, when the results 
of Lubbe e t  a l . (1978) are compared with the results in this 
study, it is clear that potassium does exert a greater beneficial
108
action when a constant flow system is used which could be due 
to an effect on the rate of reperfusion. Dilating coronary vessels 
in a constant flow system reduces perfusion pressure and this 
will reduce the speed of reperfusion. Slow reperfusion in the 
isolated rat heart (Figs. (33) to(35)) and intermittent reper­
fusion in the dog (Sewell e t  a t ., 1955) has been shown to reduce 
the severity of reperfusion induced arrhythmias. Therefore, the 
beneficial effect of potassium is probably the result of a direct 
antiarrhythmic action together with an effect on the rate of 
reperfusion. Because potassium had a positive inotropic and 
no chronotropic effect (Fig. 27) the beneficial effect of potassium 
could not be attributed to a reduction of oxygen requirements 
which would reduce the severity of ischaemia. In support of this, 
Winslow e t  a t . (1983) reported that there was no correlation 
between negative inotropic effect produced by nifedipine or nitren­
dipine and protection against reperfusion induced arrhythmias 
in the isolated rat heart perfused at a constant pressure.
Potassium has very complex effects on the electrical activity 
in the nonischaemic myocardium depending on the concentration 
used. In heterogenous ischaemic and reperfused cardiac tissues 
the electrophysiological effects of potassium have not been 
adequately studied, therefore it is not possible to identify 
the mechanism of the antiarrhythmic action of potassium in this 
situation. Postligation increase in potassium (10 mm) protected 
against reperfusion arrhythmias. This, together with the fact 
that there is a very little collateral flow in the rat heart 
means that potassium would not be expected to reach the core 
of the ischaemic region. Therefore, the site of action of potassium
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in this situation is likely to be in the nonischaemic tissue 
or at the border of the ischaemic/nonischaemic region, possibly 
by an action on the re-entry pathways which are thought to be 
the cause of reperfusion induced arrhythmias (Janse, 1982) by 
the replacement of potassium lost from the borderline of the 
ischaemic zone where perfusion is only reduced but not prevented.
In a recent study by Ward and Cameron (1985) it has been 
shown that during chronic dietary depletion there was no 
cellular loss from cardiac muscle and it has been suggested 
to be due to an adaptive change to the cardiac cell Na^ pump 
during chronic depletion. This observation could not argue 
against the previous explanation as this adaptive change in Na^
pump activity has not been shown to occur within minutes after
depletion.
Another possible explanation of the beneficial effect of 
potassium is that a high potassium concentration in the perfusate 
reduces the steepness of the gradient of potassium from the normal 
to ischaemic zone (Lubbe e t  a l .   ^ 1978; Nayler,1981a). It is also
possible that the protective effect of potassium against
reperfusion induced arrhythmias is due to its effect on latent 
pacemakers as extracellular potassium concentrations above 6 - 
8 mM inhibit the automaticity of the latent pacemakers 
(Andersson, 1980).
The increase in perfusion pressure produced on lowering per­
fusate potassium concentration seen in the present study may be
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attributed to the fact that hypokalaemia inhibits Na^ - ATPase 
enzyme leading to increase in the intracellular sodium which 
gives rise to the increase in intracellular calcium in coronary 
vessels. The decrease in perfusate potassium concentration also 
produces more negative resting membrane potential which shortens 
the action potential plateau (Gettes, 1981) leading to decrease 
in developed tension as shown in the present results (Fig. (27)).
Magnesium, like potassium exerted a potent antiarrhythmic 
action. In addition, magnesium caused a dose related bradycardia, 
vase dilation and negative inotropic effect. These haemodynamic 
actions probably contribute indirectly to its antiarrhythmic 
action. Pacing hearts at 300 b.p.m. to prevent the magnesium induced 
bradycardia attenuated but did not prevent the antiarrhythmic 
action of magnesium. This reduced response in the paced hearts 
indicates that bradycardia itself can reduce the severity of 
reperfusion induced arrhythmias. However, it is possible that 
electrical pacing released some arrhythmogenic agent which could 
directly counteract the protective action of magnesium. Perfusing 
hearts at a constant head of pressure combined with electrical 
pacing also attenuated the protective action of magnesium. This 
method of perfusion would allow coronary flow to change as 
described earlier and this could result in an anti-ischaemic 
action which could indirectly reduce reperfusion arrhythmias. 
However, post-ligation administration of magnesium (4.8 mM) was 
also antiarrhythmic. This late increase in magnesium concentration 
would prevent any anti-ischaemic action of magnesium because of 
the low collateral flow in the rat heart. However, the negative
Ill
inotropic effect induced by magnesium could still reduce oxygen requirements 
leading to reduction in the severity of ischaemia. Therefore, the present 
study shows that while the bradycardia and vasodilation and negative 
inotropic effect induced by magnesium contribute indirectly to its 
antiarrhythmic action, there is also some direct antiarrhythmic effect. 
Magnesium has been reported to be antiarrhythmic in man (Iseri e t  a i . ,
1975) and in animals (Seelig and Heggtveit, 1974) and in the wider 
field of cardiac disorders magnesium deficiency may be an important risk 
factor (Altura and Altura, 1982). Magnesium has a number of effects on the 
heart which could lead to antiarrhythmic activity (Shine and Douglas,
1974; Shine, 1979; Dyckner and Wester, 1980; Whang e t  a l . ,  1980; Nayler, 
1981a). Magnesium can reduce potassium efflux from the rat heart 
(Shine, 1979; Whang e t  a l . ,  1980; Nayler, 1981a) and when given before 
ligation this could reduce any detrimental effect that the washout 
of potassium might have during reperfusion. However, it is not known 
if this effect of magnesium is seen in ischaemic tissues. Also, 
the fact that post-ligation increase of magnesium was antiarrhythmic 
suggests that some other action of magnesium is more important.
Magnesium causes a loss of intracellular calcium, and it can reduce
the movement of extracellular calcium into the cell by
competing with calcium at the sarcolemma (Shine and Douglas, 1974;
Dyckner and Wester, 1980). This effect is rapid and may explain 
the haemodynamic effects of magnesium shown in the present study 
(Fig. (32)). This effect of magnesium on calcium movement may 
be important particularly as calcium may enter the cell during 
reperfusion (Shine e t  a l .  , 1978) and calcium overload can initiate 
arrhythmias (Woodward, 1981; De Mello, 1982). Although calcium 
accumulation does occur following reperfusion and reoxygenation,
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this has only been reported with periods of ischaemia longer than 
the 10 min used in the present study, therefore this explanation 
of the action of magnesium is only speculative.
In support of the above suggestion, it was demonstrated that 
increasing calcium concentrations (0.6 to 2.4 mM) did exacerbate 
reperfusion induced arrhythmias in this model, also, VF was 
associated with a sudden increase in resting tension which is 
indicative of a rise in intracellular free calcium. In the present 
study, the major haemodynamic effects of increased calcium were 
to increase developed tension and heart rate. These haemodynamic 
effects of calcium could indirectly increase the severity of the 
arrhythmias by exacerbating the ischaemic damage. Reduction of 
the contractility and heart rate by lowering of calcium concentra­
tion may reduce tissue demand for oxygen and high energy phosphates 
thereby preventing tissue damage. Decreasing calcium influx might 
also spare high energy phosphates required for calcium sequest­
ration and attenuate calcium induced-injury of cellular organelles 
due to activation of phospholipases or calcium overloading of 
the mitochondria (Shine and Douglas, 1983). Also low calcium 
perfusate may reduce gap junctional resistance leading to improved 
conduction and protection against arrhythmias (De Mello, 1982).
In agreement with the data in the present study. Shine e t  a l .
(1978) have shown that reperfusion of rabbit interventricular 
septa after 20 min and 60 min of ischaemia with a solution 
containing a reduced calcium concentration (0.75 mM) protected 
against ischaemic injury.
Studies with calcium slow channel blocking drugs have provided
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conflicting results as to their efficacy in preventing reperfusion 
induced arrhythmias. Nifedipine has been shown to be effective 
in preventing reperfusion induced arrhythmias in one study 
(Parratt, 1982) but not in others (Winslow e t  a l . ,  1983; Kane 
e t  a l . ,  1984). Similarly, verapamil has been shown to be effective 
in preventing reperfusion induced arrhythmias in the present 
results and other studies (Parratt, 1982; Winslow e t  a l . ,  1983; 
Bergey e t  a l .  , 1984) but not in others (Kane e t  a l .  , 1984). These 
conflicting pharmacological reports suggest that if calcium 
accumulation is involved in the development of reperfusion induced 
arrhythmias then calcium slow channel is not the major route by 
which calcium enters into the cell.
The changes in magnesium and calcium concentration used in 
the present study would not be seen in man unless an extreme 
pathological condition existed. On the contrary, it is clear that 
potassium over the physiological range 2.5 mM to 5.9 mM did have a 
marked effect on reperfusion induced arrhythmias in the isolated 
rat heart. If reperfusion arrhythmias are a cause of sudden death 
in man then hypokalaemia could be a serious risk factor. Recent 
continuous measurements of intravascular potassium show that 
potassium levels can change very rapidly during and after exercise 
or catecholamine administration (Band e t  a l . ,  1982; Linton e t  
a l .  y 1982). If a transient hypokalaemia occurred in the presence 
of mild hypomagnesaemia or hypercalcaemia then these changes in 
magnesium and/or calcium could be important factors in determining 
the severity of any reperfusion arrhythmias that might occur.
The present results suggest that perfusion pressure, developed 
tension, heart rate and the rate of reperfusion can affect the
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severity of reperfusion induced arrhythmias. As hypokalaemia (Dietz, 
1983) and hypomagnesaemia (Altura and Altura, 1982) are risk 
factors for the development of hypertension, and as hypertension 
is a risk factor for cardiac disease, this suggests that maintaining 
plasma potassium and magnesium levels at the higher end of the 
physiological range may be beneficial indirectly in preventing 
these arrhythmias via a hypotensive action as well as by any 
direct action on the heart.
CHAPTER 5
"Effect of some free radical scavengers on reperfusion 




The effects of changes in , Mg^^ and Ca^^ distribution 
between the intra and extracellular compartments mentioned 
in the previous chapter may be induced by the generation of 
oxygen free radical on reperfusion of the ischaemic myocardium.
Free radicals cause peroxidation of lipids in the cell membrane 
(see Chapter 1.11) which will alter the ionic permeability 
of the sarcolemma. They also affect intracellular calcium 
sequestration (Chapter 1.11) and these changes might be expected 
to lead to the development of arrhythmias. Therefore,it was 
of interest to study the effect of some free radical scavengers on 
reperfusion induced arrhythmias. In addition, experiments have been 
carried out to try to detect superoxide in the perfusate of these 
rat hearts. A potassium concentration of 3.2 mM was used in these 
experiments to increase the incidence of reperfusion induced 
arrhythmias.
A) Effect of some free radical scavengers on reperfusion
arrhythmias and their haemodynamic effects 
5.1: Superoxide dismutase
Superoxide dismutase (5, 10 and 20 units, ml ^) reduced the in­
cidence of reperfusion induced VF in a concentration dependent manner 
(Table 8) while it had no significant effect on the number of PVCs 
or the incidence of VT. At the concentrations used superoxide dis­
mutase had no effect on perfusion pressure, developed tension or 
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concentration of superoxide dismutase and the incidence of VF 
(Fig. (46)).
5.2: Glutathione
Glutathione significantly reduced the development of VF at 
-4the concentration of 10 M and completely prevented it at the 
highest concentration 10 M. Glutathione had no significant effect 
on the incidence, onset and duration of VT, the number of PVCs 
(Table 8) or the heart rate. Although glutathione was used in the 
present study in relatively high concentrations (10  ^- 10  ^M), 
these concentrations used are similar to the normal tissue levels 
of glutathione.
5.3: Ascorbic acid
Ascorbic acid can act as a reducing agent and can prevent lipid 
peroxidation induced by the hydroxyl, superoxide and singlet oxygen 
radicals. Ascorbic acid (5 x 10 ^ M) reduced the incidence and 
duration of VF while it had no significant effect on the number of 
PVCs or the incidence, onset and duration of VT (Table 8). The two 
concentrations of ascorbic acid used significantly increased the 
perfusion pressure while having no effect on developed tension or 
heart rate (Fig. (47)).
5.4: Histidine
Histidine at a concentration of 5 x 10  ^M reduced the 
incidence of VT and completely prevented the development of VF.
It had no significant effect on the number of PVCs or the onset 
and duration of VT. Histidine at the lower concentration 10  ^M
119
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Fig. (46). Correlation between superoxide dismutase 
concentration (units, ml ^) and the 
incidence % of VF developed on 
reperfusion. Potassium 3.2 mM; 










































ASCORBIC ACID CONC.  (mM)
Fig. (47). Effects of ascorbic acid (10  ^and 5 x 10  ^M) on (a) 
perfusion pressure, (b) developed tension and (c) 
heart rate in the isolated rat heart. Potassium 3.2 mM; 
magnesium 1.2 mM and calcium 1.2 mM.
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had no significant effect on the severity of arrhythmias (Table 8). 
Histidine produced concentration dependent vasoconstrictor and 
negative inotropic effects (Fig. (48)).
5.5: Catalase £ind mannitol
At the concentrations used catalase and mannitol had no sign­
ificant effect on the development of arrhythmias when given alone 
(Table 8). When these two drugs were given in combination they 
produced a significant reduction in the incidence of VF while they 
had no significant effect on the number of PVCs, the incidence of 
VT or the onset and duration of VT and VF (Table 9). Catalase 
and mannitol had no significant effect on perfusion pressure, 
developed tension or heart rate when given either alone or in 
combination.
5.6: Superoxide dismutase plus catalase and/or mannitol
As catalase and mannitol had an additive antiarrhythmic action, 
it was of interest to see if these drugs alone, or in combination 
could potentiate the effects of superoxide dismutase. As it can 
be seen from Table (9) the combination of superoxide dismutase 
(10 units, ml ^) and catalase (100 units.ml ^) produced a greater 
reduction in the incidence of VF than either drug alone. A
similar additive effect was seen with the combination of super-
-1 -2 oxide dismutase (10 units.ml ) and mannitol (2 x 10 M) (Table
9). When all three drugs were given in combination this proved to
be a very potent antiarrhythmic mixture. Ventricular fibrillation
was completely prevented while the number of PVCs and the incidence
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Fig. (48). Effects of histidine (10  ^and 5 x 10  ^M) on (a) 
perfusion pressure, (b) developed tension and (c) 
heart rate in the isolated rat heart. Potassium
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of all three drugs has no significant effect on perfusion pressure, 
developed tension or heart rate (Fig. (49)).
5.7: Effects of some free radical scavengers when given after
coronary ligation
Results shown in Chapter 5.1-5 were obtained from experiments 
in which drugs were added 5 min before coronary artery ligation.
If the drugs reduced the severity of the ischaemic damage this 
could indirectly reduce reperfusion arrhythmias. Therefore the 
antiarrhythmic action of the three most effective drug treatments 
was reexamined when given 2 min before reperfusion. From Figs.
(50) - (52) it can be seen that glutathione (10  ^M), L-histidine 
(5 X 10  ^M) and the mixture of superoxide dismutase (10 units.ml ^) 
plus catalase (100 units, ml ) plus mannitol (2 x 10 M) 
still reduced the incidence of reperfusion induced VF when given 
2 min before reperfusion. Histidine only reduced the incidence of 
VT while none of them had significant effect on the number of PVCs 
(Fig. (50)) or the onset and duration of VT (Fig. (51)) and VF 
(Fig. (52)). In these experiment^ five hearts treated with 
glutathione and eight hearts treated with superoxide dismutase/ 
catalase/mannitol mixture, did not develop VF within 3 min of 
reperfusion. In order to see if VF was simply being delayed in 
these hearts, the reperfusion period was extended to 10 min.
Of the total of 13 hearts reperfused for this length of time only 
one developed VF. This heart which had been treated with the 
superoxide dismutase/catalase/mannitol mixture had a short run 
(35 sec) of VF after 8 min of reperfusion. The remaining 12 hearts 
were very stable during the 3 to 10 min period. These results 
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Fig. (49). Effects of superoxide dismutase (10 units.ml ^) alone 
and in combination with catalase (100 units.ml ^) 
plus mannitol (2 x 10  ^M) on a) perfusion pressure,
b) developed tension and (c) heart rate in the 
isolated rat heart. Potassium 3.2 mM; magnesium
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Fig. (50). Effect of glutathione (10  ^M), L-histidine 
(5 X 10 M) and the mixture of superoxide 
dismutase (10 units.ml ^) plus catalase 
(100 units.ml ) plus mannitol (2 x 10 M) when 
administered 2 min before reperfusion on the number 
of PVCs developed during reperfusion. Potassium
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Fig. (51). Effects of glutathione (10  ^M), L-histidine (5 x 10  ^M) 
and the mixture of superoxide dismutase (10 units.ml ^) 
plus catalase (100 units.ml ^) plus mannitol(2 x 10  ^M) when 
administered 2 min before reperfusion on (a) the incidence, 
(b) onset and (c) duration of VT developed during 
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Fig. (52). Effects of glutathione (10  ^M), L-histidine (5 x 10  ^M)
and the mixture of superoxide dismutase (10 units.ml ^) plus 
catalase (100 units.ml ^) plus mannitol (2 x 10  ^M) when 
administered 2 min before reperfusion on (a) the incidence, 
(b) onset and (c) duration of VF developed during 
reperfusion. Potassium 3.2 mM.
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B) Effects of agents which potentiate the production of free
radicals
5.8: Hydrogen peroxide
Hydrogen peroxide may react with superoxide anion (Haber Weiss 
reaction: Chapter 1.11) in the presence of transition metals to 
produce the highly reactive species, the hydroxyl radical. Hydrogen 
peroxide was expected to increase the incidence of reperfusion 
induced arrhythmias, therefore, in these experiments high potassium 
concentration (7.5 mM) was used to reduce the incidence of reper­
fusion induced arrhythmias and to leave a chance for the compound 
under investigation to increase the incidence of arrhythmias within 
a reasonable range.
Hydrogen peroxide had no significant effect on the number of 
PVCs or the incidence, onset and duration of VT and VF (Table 10).
It had a concentration dependent vasoconstrictor and positive ino­
tropic effect over the concentration range studied (Fig. (53)).
There was a significant positive correlation between hydrogen 
peroxide concentration and change in perfusion pressure % (Fig. (54b))
5.9: Iron
Iron as a transition metal was expected to increase the 
incidence of reperfusion induced arrhythmias by increasing the 
production of the hydroxyl radicals via the Haber-Weiss reaction, 
therefore it was important to investigate the effect of iron on 
the incidence of reperfusion arrhythmias. In these experiments 
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( n = 6 )
HYDROGEN PEROXIDE CONC. (uM)
Fig. (53). Effects of hydrogen peroxide (3 x 10  ^and 12 x 10  ^M) 
on a) perfusion pressure, b) developed tension and
c) heart rate in the isolated rat heart. Potassium 
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-5Fig. (54). Correlation between hydrogen peroxide (3 x 10
and 12 X 10  ^M) and a) change in developed tension 
% and b) change in perfusion pressure in the 
isolated rat heart. Potassium 7.5 mM.
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that the protective effect of a higher potassium concentration 
may mask the effect of iron on the incidence of reperfusion arrh­
ythmias. In Table (10) it can be seen that iron in the ferrous 
state increased the incidence of VT and VF while it had no effect 
on the number of PVCs or the onset and duration of VT and VF.
The effect of ferrous ion was completely abolished by the addition
of the iron chelator desferrioxamine to the perfusate. Neither 
ferric ion nor desferrioxamine alone had any significant effect 
on any of the criteria of arrhythmias studied (Table 10).
5.10: Effects of some free radical scavengers in the presence of ferrous
ion on reperfusion induced arrhythmias
It was expected that the oxygen free radical produced by the
Fenton reaction (Chapter 1.11) was the hydroxyl radical. Therefore
specific scavengers for superoxide and hydroxyl radicals as well as
catalase which prevents the formation of hydroxyl radicals by removal
of hydrogen peroxide from the reaction medium were used to confirm
what had been expected. As in Figs. (55) - (57) superoxide dismutase
(10 units.ml ^), catalase (100 and 300 units.ml ^) and mannitol 
—2(2 X 10 M) reduced the incidence of VT. A significant reduction 
in the incidence of VF was produced by either catalase (300 units.ml ^) 
or mannitol. There was no significant effect on the number of PVCs 
or the onset and duration of VT and VF.
5.11; Effects of some free radical scavengers when given after
coronary ligation on reperfusion arrhythmias in presence of 
ferrous ion
Drugs were given 8 min after coronary artery ligation as 
mentioned before to make sure that the reduction in the incidence
134
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Fig. (55). Effect of superoxide dismutase (10 units.ml ^), 
catalase (100 and 300 units, ml ^) and mannitol 
(2 X 10  ^M) on the number of PVCs developed 
during reperfusion in presence of ferrous 
chloride (5 x 10  ^M).Potassium 5.9 mM; 
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-1Effects of superoxide dismutase (10 units.ml ), catalase 
(100 and 300 units.ml ^) and mannitol (2 x 10  ^M) on 
a) the incidence, b) onset and c) duration of VT 
developed during reperfusion in presence of ferrous ion



























CO N TR O L
(Fe+-^
(SOjuM)
S. O. D. CATALASE CATALASE MANNITOL 
dOunits (iQOunits (3 0 0 units (20mM) 
/ml) /ml) /ml)
(n=12—14)
Fig. (57). Effects of superoxide dismutase (10 units.ml ^), catalase 
(100 and 300 units.ml ) and mannitol (2x10 M) on a) 
the incidence, b) onset and c) duration of VF developed 
during reperfusion in presence of ferrous ion (5x10  ^M). 
Potassium 5.9 mM.
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of reperfusion arrhythmias is not due to the reduction of the 
severity of the ischaemic damage which could indirectly reduce 
reperfusion arrhythmias. As in Figs. (58) - (60) histidine 
(5 X 10  ^M), catalase, (300 units.ml ^), mannitol (2 x 10  ^M) 
and the mixture of superoxide dismutase plus catalase plus mannitol 
reduced the incidence of VT and VF. The reduction in the incidence 
of VT by mannitol was not significant. Only the mixture of super­
oxide dismutase plus catalase plus mannitol significantly reduced 
the number of PVCs (Fig. (58)), while, there was no significant 
effect on the onset and duration of VT (Fig. (59 b and c))and VF 
(Fig. (60 b and c)) except the reduction in the duration of VF
produced by the mixture of superoxide dismutase,catalase and mannitol.
5.12: Effects of antagonists of free radical production on 
reperfusion induced arrhythmias
From Fig. (2) (Chapter 1.11) it can be seen that potential
sources for the production of oxygen free radicals other than the
mitochondria are: the autoxidation of noradrenaline to adrenochrome, 
the oxidation of xanthine by xanthine oxidase, and the conversion 
of PGG^ to PGH^. Therefore it was important to study the effect 
of blocking of each of these pathways on the incidence of reperfusion 
arrhythmias. 6-Hydroxydopamine which degenerates the adrenergic 
nerve endings was expected to prevent the production of superoxide 
radical from the autoxidation of noradrenaline as a result of prevention 
of noradrenaline release on reperfusion due to adrenergic nerve 
degeneration. The effect of nerve depletion by 6-hydroxydopamine 
was checked by showing block of the action of the indirect 
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Fig. (58). Effect of L-histidine (5 x 10 M), catalase (300 units 
ml~ ), mannitol (2 x 10 M) and the mixture of 
superoxide dismutase (10 units.ml ^) plus catalase 
(100 units.ml ^) plus mannitol (2 x 10  ^M) when 
given 8 min after coronary artery ligation on the 
number of PVCs developed on reperfusion in the presence 
of ferrous ion. Potassium 5.9 mM; magnesium 1.2 mM 
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Fig. (59). Effects of L-histidine (5 x 10  ^M), catalase (300 units.
—  1 —2 ml ), mannitol (2 x 10 M) and the mixture of super-
oxide dismutase (10 units.ml ^) plus catalase (100 units.ml ^)
plus mannitol (2 x 10 M) when given 8 min after
coronary artery ligation on a) the incidence,b) onset
and c) duration of VT developed during reperfusion in
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Fig. (60). Effects of L-histidine (5xlO~^M), catalase (300 units.ml"^),
mannitol (2x10 M) and the mixture of superoxide dismutase
(10 units.ml ^) plus catalase (100 units.ml ^) plus mannitol 
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(2x10 M) when given 8 min after coronary artery ligation 
on a) the incidence, b) onset and c) duration of VF developed 





o •H '— - P CO
•H p  o P * *
W 3 3 +1 +1 1 1
3 3 W <7) P










P  ' 
3 üc 03 W 3 p 00 ♦ *
o P 3  W +1 +1 1 1
•H 3 3 O  — ' p o













-p X w O
c 0 •H 3
0) 03 3 '— ' *
E X 3 P p co + +
•H P •H — " (j) co o ou TD P O
03 C 3











L 3 >) 3
O 03 p O
(fH a 3 •H ^
03 03 3 P  O



















P  ^  





















üD O P  ^ p p o o 3
E 00
z
P  —  
O
p p O
O 00 3 S






03 3 oo 3
a en z OJ p 3
o 3 3 co p 00
T3 Pt W -H +1 +1 +1 r-l +
>5 3 p ü  E 00 p p +1 OO
X 03 en > 1—1 o ao
o a eu co p p 1—t su
t3 03 3 s






















ü (—1 3 s
03 p ao 003 o E
O-t p O  P 3 p


























03 3 P  E + O 3 o V 3
P P >5 3 p  3 X 3 P
P 3 Z  a ao W 3 O 3 eu C
((3 O 1 o 'H 3 3 O
H CS> p  p p P  CM O + * P
142
that 6-hydroxydopamine reduced the incidence of VF, while it had 
no significant effect on the number of PVCs, the incidence of VT 
or the onset and duration of VT and VF. On the other hand, dexa- 
methaSone, aspirin or indomethacin which block the synthesis of 
prostaglandins had no significant effect on the severity of reper­
fusion arrhythmias (Table 12). Similar to aspirin, allopurinol 
the competitive inhibitor of xanthine oxidase had no significant 
effect on the criteria of reperfusion induced arrhythmias when 
compared with its solvent dimethylacetamide (Table 12).
5.13: The role of oxygen in reperfusion induced arrhythmias
In all of the mechanisms expected to produce oxygen free 
radicals on reperfusion of ischaemic myocardium (Chapter 1.11) the 
availability of oxygen is essential. Therefore, it was of interest 
to study the effect of absence of oxygen from the reperfusate on 
reperfusion induced arrhythmias. As expected, oxygen free perfusate 
(5 min before reperfusion) completely prevented the incidence of 
reperfusion induced VF, although it had no significant effect on 
the number of PVCs or the incidence, onset and duration of VT 
(Table 11).
In order to find out if reperfusion induced arrhythmias are 
dependent on restoration of oxygen or flow or both, in a series 
of experiments, 10 min of global anoxia without myocardial 
ischaemia was induced. The results of these experiments are shown 
in Table (11). On reoxygenation following global anoxia VT or VF 
did not occur while there were only 17 ± 12 PVCs (n=9) compared 
with 142 ± 32 PVCs (n=21) developed on reperfusion of ischaemic
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myocardium. In Fig. (61) perfusion with oxygen free perfusate 
(for 5 min in the presence of myocardial ischaemia) and global 
anoxia (for 10 min) can be seen to cause vasodilator, negative 
inotropic and negative chronotropic effects in the isolated rat 
heart. From these results it can be seen that reperfusion induced 
arrhythmias are both flow and oxygen dependent and the role of 
restoration of flow is more predominant than restoration of oxygen.
5.14: Are free radicals produced during reperfusion?
The fact that free radical scavengers had a protective action 
against reperfusion arrhythmias suggests that free radicals are 
probably being produced during reperfusion and may contribute to 
the development of reperfusion arrhythmias. It was therefore of 
interest to try to obtain more direct evidence for the production 
of free radicals. In order to do this, hearts were perfused with 
ferricytochrome C throughout the ligation and reperfusion periods 
and the optical density of the perfusate after it passed through 
the heart was measured (see Methods: Chapter 2.3). From Fig. (62a) 
it can be seen that on reperfusion there was a significant transient 
increase in absorbance at 550 nm which returned to the pre-reperfusion 
value within 2 minutes. This transient increase in absorbance 
occurred at the same time as the reperfusion arrhythmias. As per­
fusate from ischaemic and non ischaemic mix during reperfusion it 
is not possible to determine the absolute value of reduced ferri- 
cytocrhome C coming from the ischaemic region. Therefore, the 
optical density readings have not been converted into concentrations 
of reduced ferricytochrome C. The increased absorbance at 550 nm 
in the presence of ferricytochrome C could be due to the reduction
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Fig. (61). Effects of perfusion with oxygen free perfusate (95% N^ , 5% CO^) 
in the presence of regional myocardial ischaemia and global 
anoxia (95% , 5% CO^ , for 10 min in the absence of myocardial
ischaemia) on (a) perfusion pressure, (b) developed tension 
and (c) heart rate. Potassium 3.2 mM, magnesium 1.2 mM, 
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Fig. (62). Effect of coronary artery ligation and reperfusion on the
optical density (550 nm) of perfusate from rat heart in
-5.the presence of (a) cytochrome C(CYTC , 5x10 M) and
-1cytochrome C plus superoxide dismutase (SOD, 10 units.ml ), 
In (b) superoxide dismutase was added at the arrow (5 min 
after coronary ligation). Potassium 3.2 mM. * Denotes 
significant difference from control preligation value(P<0.05)
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of ferricytochrome C by superoxide. However, there are other possible 
explanations for this change. It is possible that ferricytochrome 
C could be reduced by material other than superoxide; alternatively 
reperfusion and/or the development of arrhythmias could result in 
the release of some metabolite which absorbs at 550 nm. In order 
to try to eliminate these possibilities, the following experiments 
have been done :
(a) Hearts were perfused in the presence of ferricytochrome C and 
superoxide dismutase and the absorbance of the perfusate
was recorded at 550 nm. Superoxide dismutase is specific 
scavenger for the superoxide ion and would be expected to 
prevent the reduction of ferricytochrome C if this was due 
to superoxide. From Fig. (62a) it can be seen that superoxide 
dismutase completely prevented the changes in optical density 
of the perfusate resulting from coronary artery ligation and 
reperfusion. Addition of superoxide dismutase during the 
coronary ligation period reduced optical density of the 
perfusate and prevented the increase seen when hearts were 
reperfused (Fig. 62b). The addition of boiled superoxide 
dismutase did not prevent the changes in optical density seen 
during ligation and reperfusion (n=3). These experiments provide 
evidence which suggests that ferricytochrome C is reduced by 
superoxide during coronary ligation and reperfusion.
(b) Hearts were reperfused in the absence of ferricytochrome C 
to see if reperfusion releases any material which absorbs 
at 550 nm. In these experiments there was no change in the 
optical density at 550 nm during coronary artery ligation 
and reperfusion (n=5). This suggests that the changes in
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optical density seen in the presence of ferricytochrome C 
were due to the reduction of ferricytochrome C and not to the 
release of some other material which absorbs at 550 nm.
(c) Hearts were made to develop VF in the absence of coronary
ligation and reperfusion to see if VF releases any material 
which absorbs at 550 nm. Ventricular fibrillation was induced 
by perfusing hearts with an arrhythmogenic solution (see 
Methods, Chapter 2) which produced VF within 255 ± 10 sec 
(n=5). The onset of VF was not associated with any change 
in the optical density of the perfusate at 550 nm. This 
provides evidence that the increase in optical density at 
550 nm in the presence of ferricytochrome C during reperfusion 
was due to the reduction of ferricytochrome C and was not due 
to VF releasing material which absorbs at this wavelength.
In order to find out the role of oxygen in production of free 
radicals, hearts were perfused with ferricytochrome C throughout 
the ligation and reperfusion period. Oxygen free perfusate was used 
(5 min after coronary ligation till 3 min after reperfusion). As 
in Fig. (63a) elimination of oxygen completely prevented the 
transient increase in absorbance at 550 nm expected to be produced 
on reperfusion.
In order to confirm that the protective effect of 6-hydroxy­
dopamine may be produced by prevention of superoxide production 
from autoxidation of noradrenaline the change in optical density 
due to reduction of ferricytochrome C throughout the coronary 
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Fig. (63). Effect of coronary artery ligation and reperfusion on the 
optical density (550 nm) of perfusate from rat heart in 
the presence of (a) oxygen free perfusate (95% and 5% 
CO^) used at the arrow (5 min after coronary ligation).
In (b) animals used were injected with 6-hydroxydopamine 
(50 mg.kg ^) I.V., 18 hours before study.
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treated rats. From Fig. (63b) it can be seen that 6-hydroxydopamine 
prevented the increased absorbance at 550 nm in the presence of 
ferricytochrome C throughout coronary ligation and reperfusion 
periods.
From Fig. (64a) it can be seen that allopurinol approximately 
had no effect on the change in optical density when compared with 
the effect produced by its solvent dimethylacetamide which 
reduced non significantly the increase in absorbance at 550 nm 
produced during coronary ligation and reperfusion in control group. 
Although this effect of dimethylacetamide, the transient increase 
in absorbance at 550 nm produced on reperfusion in the presence 
of dimethylacetamide was still significantly different from the 
pre-ligation values.
When indomethacin was added to the perfusate in the presence 
of ferricytochrome C, the transient increase in the absorbance 
at 550 nm was still significantly different from the pre-ligation 
values although it was significantly lower than that increase in 
absorbance at 550 nm in the absence of indomethacin (Fig. (64b)). 
This may indicate that free radical generation through arachidonic 
acid metabolism is possible.
5.15: Protein release from the heart during myocardial ischaemia 
and reperfusion
As a result of oxygen free radical generation, peroxidation 
of cell membrane which will lead to loss of the integrity of the 
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Fig. (64). Effect of coronary artery ligation and reperfusion on the
optical density (550 nm) of perfusate from rat heart in the
-4.presence of (a) allopurinol (10 M) plus dimethylacetamide
-1as a solvent (-0-—o-) and dimethylacetamide alone (O.Sml.L , 
—#-----)• In (b) indomethacin (5x10 M^) was added 5 min
before coronary ligation. * refer to significant difference 
compared with preligation values.
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was expected. Therefore, it was worthwhile to try to determine the 
protein concentration in the perfusate and malondialdehyde, the 
lipid peroxidation product in heart tissues after coronary artery 
ligation and reperfusion. In Table (13a) it can be seen that after 
10 min of coronary ligation there was no significant increase in 
perfusate protein concentration, while, on reperfusion protein 
concentration significantly increased from 15.6 ±1.1 ng/ml to 
19.4 ± 0.7 Mg/ml after one minute and to 20.6 ± 1.8 pg/ml after
the
two minutes. When^coronary ligation period was increased to 30 min 
(Table 13b) there was no significant change in protein concentration 
during the first 20 min but it has been significantly increased 
from 14 ± 0.5 ug/ml (before coronary ligation) to 23.5 ± 2.4 yg/ml 
after 30 min of coronary ligation. The increase in protein concentration 
was also significant during the first two minutes after ligation, 
it came down to the control value after 3 min.
5.16: Lipid peroxidation induced by 10 min ischaemia and reperfusion
For determination of malondialdehyde, the lipid peroxidation 
product a group of 9 rats were made deficient in vitamin E by feeding 
with a vitamin E deficient diet for 8 weeks in order to potentiate 
lipid peroxidation by free radicals as vitamin E is part of the 
normal defense mechanism. Malondialdehyde was measured in both the 
ischaemic and nonischaemic tissues. There was no significant diff­
erence in malondialdehyde concentration (nMoles.g  ^wet weight) 
between the ischaemic (13.4 ± 1.2) and nonischaemic (10.1 ± 0.6) 
values estimated in the vitamin E deficient group. Similar results 
were obtained in a control group (n=9), the malondialdehyde 
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13.1 ± 1.0 compared with 9.4 ± 0.6 in the nonischaemic tissue. 
Serum vitamin E levels were 20.1 ± 0.7 pMoles.ml in the control 
group compared with 11.0 ± 0.6 pMoles.ml in the deficient group 
Although vitamin E was significantly reduced in the serum of rats 
expected to be deficient in vitamin E , it was still more than 
half of the control value. This could explain why malondialdehyde 
was not significantly higher in the deficient group compared with 
the control group. Similar to malondialdehyde, when lactate was 
determined in the perfusate there was no significant difference 
between lactate concentration (pMoles.ml ^.g  ^wet weight) values 
in control group and vitamin E deficient group(Table 14).
5.17: Effects of some antagonists of the arachidonic acid metabolism 
on reperfusion induced arrhythmias
oxygen free radicals can be produced during myocardial ischaemia 
as a result of arachidonic acid metabolism (Chapter 1.11). This 
would indirectly be expected to affect the development of reperfusion 
arrhythmias. Furthermore, most of arachidonic acid metabolites 
are vasoactive agents and this will in turn affect the severity 
of ischaemic damage and the rate of reperfusion leading to a 
decrease or increase in the incidence of reperfusion arrhythmias.
For these two reasons it was worthwhile to study the effect of ara­
chidonic acid metabolites by studying the effect of the blockers 
of their synthesis on reperfusion induced arrhythmias. From Tables 
(12) and (15) it can be seen that dexamethasone, aspirin, 
indomethacin, ZK 36374 (10 M), dazoxiben (10  ^M) and N-butyl- 
imidazole (10  ^M) had no effect on the number of PVCs or the 
incidence, onset and duration of VT and VF. The higher concentrations
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of ZK 36374 (10  ^M) and dazoxiben (10  ^M) as well as BW 7550 
(10 Mg.ml ^) reduced the incidence of VF while having no effect 
on the number of PVCs, incidence of VT or on the onset and duration 
of VT and VF (Table 15). Indomethacin reduced perfusion pressure 
(Fig. (65)) while the rest of these drugs had no significant effect 
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Fig. (65). Effects of aspirin (10 ^ M), indomethacin (5 x 10~^ M) 
and BW 755C (10 yg.ml ^) on (a) perfusion pressure,
(b) developed tension and (c) heart rate in the isolated 
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Fig. (66). Effects of dazoxiben (10  ^and 10  ^M) and N-butyl- 
imidazole (10  ^M) on (a) perfusion pressure, (b) 
developed tension and(c) heart rate in the isolated 




Oxygen free radicals have been implicated in the peroxidation 
of lipid in cell membranes (Meerson e t  a l . ,  1982; Koster e t  a l . ,  
1985). This will alter the ionic permeability of the sarcolemma 
and the distribution of Na^ , and Ca^^ between the extra- and 
intracellular compartments. Oxygen free radicals have also been 
implicated in the myocardial damage induced by isoprenaline in 
rats (Singal e t  a l  ., 1983) and by coronary artery ligation in 
dogs (Rao e t  a l .  , 1983). In both situations treatment aimed at 
preventing or reducing the production of oxygen free radicals 
was shown to have a myocardial protective action. It has been 
suggested that free radicals might be involved in initiating iso- 
prenaline-induced rhythm disturbances in the rat (Singal e t  a l . , 
1983). Adriamycin, the anticancer drug, has been reported to 
induce free radical mediated lipid peroxidation in mouse heart 
(Mimnaugh e t  a l . , 1983) and this could explain why this drug 
produces arrhythmias in patients. However, there is little direct 
evidence linking free radicals to the development of reperfusion 
induced arrhythmias. In the present study drugs which have been 
reported to remove oxygen free radicals from the reaction media 
protected against reperfusion induced arrhythmias in the isolated 
rat heart.
Under normal conditions, biological tissues are protected 
against the damaging effect of oxygen free radicals by the bodies 
defense mechanisms afforded by the various antioxidant systems 
in the body (Dormandy, 1978). It is only when there is excessive
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production of oxygen free radicals or when the normal defense 
mechanisms are not functioning properly that free radicals 
accumulate and exert their damaging effects (Meerson e t  a l  .,
1982). The release of catecholamines during reperfusion (Rochette 
e t  a l . , 1980) and their subsequent auto-oxidation could produce 
oxygen free radicals (Burton e t  a l . , 1984). Moreover, oxygen free 
radicals can be produced during myocardial ischaemia during the 
conversion of prostaglandin to prostaglandin (Rowe e t  a l . ,
1983; Hertz and Cloarc, 1984; Van der Vusse and Reneman, 198 5). 
which is expected to affect reperfusion arrhythmias. In addition, 
xanthine oxidase could be another source for superoxide radical 
production (Burton e t  a l .  , 1984). In the present study, it has 
been shown that inhibition of xanthine oxidase or prostaglandin 
synthesis had no significant effect on the severity of reperfusion 
arrhythmias although they markedly decreased the production of 
superoxide free radicals (Fig. (64)). An explanation of this could 
be due to the fact that the beneficial effect of cyclo-oxygenase 
pathway inhibition has been masked by stimulation of the lipoxy­
genase pathway. From Fig. (64a) it can be seen that allopurinol, 
the inhibitor of xanthine oxidase enzyme had no effect on super­
oxide production but the effect is due to the solvent used 
(dimethylacetamide). The lack of any protective effect of allo­
purinol on reperfusion arrhythmias is in agreement with the recent 
findings of Reimer and Jennings (1985) who have shown that 
allopurinol has no beneficial effect on reperfusion induced myocardial 
infarction in the anaesthetized dog. The protective effect of 
6-hydroxydopamine administration coupled with the prevention of 
the reduction of ferricytochrome C on reperfusion support the
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concept that catecholamines released on reperfusion (Rochette 
e t  a l .  j 1980) could produce oxygen free radicals which are the 
risk factor. In recent study in the isolated rat heart physiolo­
gical metabolites and the non-physiological metabolite adrenochrome 
have not been shown to be responsible for catecholamine-induced 
myocardial cell damage (Wheatley e t  a l . , 1985). Similarly, the 
protective effect of the elimination of oxygen from the reperfusate 
in the present study confirms the necessity to oxygen for the 
generation of free radicals by all sources of production of free 
radicals.
Membrane damage due to membrane lipid peroxidation could 
be one of the causes of the arrhythmias seen during coronary reper­
fusion. Free radicals have been shown to inhibit calcium uptake 
by the sarcoplasmic reticulum (Hess e t  a l . , 1981). This coupled 
with the influx of calcium through the damaged sarcolemma would 
cause an increase in intracellular free calcium which can in turn 
initiate arrhythmias (Woodward, 1981; Clusin e t  a l . , 1982). In 
human neutrophils (Simchowitz and Spilberg, 1979) increased 
intracellular calcium levels increase superoxide production. If 
calcium has a similar effect on superoxide production in the myo­
cardium, it could be argued that superoxide production would be 
enh anced during myocardial ischaemia and reperfusion as intra­
cellular levels of calcium do increase during these pathological 
events.
From the results with oxygen free radical scavengers in the 
absence of ferrous ion it is not possible to say which if any 
of the free radicals is the most important in contributing to
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arrhythmogenesis. The present study has only provided evidence 
from experiments with ferricytochrome C for the existence of the 
superoxide anion. However, the fact that the combination of catalase 
and mannitol produced a significant reduction in the incidence 
of VF would indicate that hydrogen peroxide and the hydroxyl free 
radical may also be produced during reperfusion. Superoxide dis- 
mutase, glutathione, catalase and ascorbic acid will reduce the 
level of superoxide and/or hydrogen peroxide (Halliwell, 1981).
The lowering of the levels of these toxic metabolites may explain 
the antiarrhythmic actions of these compounds. Alternatively, 
they may protect by reducing the formation of hydroxyl free radicals, 
as superoxide and hydrogen peroxide are both substrates for hydroxyl 
radical production in the presence of transition metals ( Halliwell 
and Gutteridge, 1984). When ferrous ion was used in the present 
study it markedly increased the severity of reperfusion arrhythmias. 
This could be due to the enhanced production of hydroxyl radicals 
via the Fenton reaction. From the present investigation, it can 
be seen that in the absence of ferrous ion superoxide dismutase 
protected against reperfusion arrhythmias while either catalase 
or mannitol failed to protect. In the presence of ferrous ion 
where hydroxyl radicals are expected to predominate over the other 
free radicals, superoxide dismutase (which was expected to increase 
arrhythmias) had no significant effect on reperfusion arrhythmias 
while either catalase which prevents the formation of hydroxyl 
radicals or mannitol which reacts with this radical did protect.
This suggests that in the absence of exogenous ferrous ion the 
predominant free radical is superoxide although the other free 
radicals could exist. In the presence of traces of transition 
metals the rate of production of the hydroxyl radical is enhanced
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(Halliwell and Gutteridge, 1984) which may lead to predomination 
of the hydroxyl radical over the other free radicals being produced 
during reperfusion.
One of the problems with the interpretation of all of the 
results in this chapter is that superoxide dismutase, catalase, 
glutathione and mannitol would be expected to remain in the extra­
cellular compartment. This would be expected to greatly reduce 
or abolish their activity as they would not have access to free 
radicals which are generated intracellularly. In a study with 
erythrocyte ghosts. Lynch and Fridovich (1978) have shown that 
superoxide dismutase in the external medium protected against 
superoxide radicals generated inside erythrocyte ghosts and they 
proposed that in the absence of any superoxide radical scavenger 
in the external medium, internal and external superoxide radicals 
are in equilibrium through an anion carrier mechanism. Thus the 
destruction of extracellular superoxide radical by superoxide 
dismutase would decrease the steady-state level of intracellular 
superoxide anion. This proposal may explain the activity of these 
scavengers in spite of their very high molecular weight which 
might be expected to keep them in the extracellular compartment. 
Another problem is that by which mechanism is mannitol acting: 
hyperosmo larity or hydroxyl scavenging ? In the present study 
hyperosmolar solution of glucose has been used as control to mannitol 
(not mentioned in this thesis) but it had no effect on reperfusion 
induced arrhythmias. This would suggest that any beneficial effect 
of mannitol on reperfusion arrhythmias might not be due to its 
osmotic properties. In agreement with this finding, Magovern
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e t  a l . (1984) using the isolated rabbit heart showed that mannitol 
markedly reduced myocardial oedaema formation during reperfusion 
compared with hearts treated with hyperosmolar solution 
of glucose.
Most of the results in this chapter except Figs. (50)
- (52) and (58) - (60) were obtained by adding drugs to
the perfusate 5 minutes before the onset of coronary ligation.
This regime of drug administration could reduce the extent of ischaemic 
damage as free radicals are produced during ischaemia (Rao e t  a l . , 
1983). This in turn could indirectly reduce the severity of reper­
fusion arrhythmias. From Fig. (50) - (52) and (58) - (60) it is 
clear that the late administration of free radical scavengers 
2 min before reperfusion still reduced the incidence of ventricular 
fibrillation. This implies that these drugs have a direct beneficial 
effect against reperfusion induced arrhythmias. If the effect of 
these free radical scavengers on reperfusion induced arrhythmias 
when given 5 min before ligation is compared with their effect when 
given 2 min before reperfusion it can be seen that they had a 
greater antiarrhythmic action when given before the onset of 
coronary artery ligation. Therefore, these results probably 
reflect a combination of antiischaemic and antiarrhythmic actions.
When experiments were carried out with ferricytochrome C 
there was an increased reduction of ferricytochrome C during 
the first minute of reperfusion which was prevented by superoxide 
dismutase. This provides evidence for the production of superoxide 
radical during the first minute of reperfusion. There are at 
least two possible explanations for the peak of reduced ferricytochrome
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C which is seen during reperfusion. One explanation is that sudden 
reperfusion of ischaemic tissue enhances superoxide radicals 
production. This could occur as already discussed, if the sudden 
influx of oxygen into the ischaemic tissue produced excess super­
oxide which overcame the endogenous antioxidant protective mechanisms 
in the heart. A second possibility is that this peak of reduced 
ferricytochrome C may simply represent the washout of reduced 
ferricytochrome C which has accumulated during the ischaemic period. 
The release of catecholamines during reperfusion has also been 
attributed to this process (Rochette e t aZ- . , 1980). In the dog, 
free radicals are produced during ischaemia (Rao e t  a t . , 1983) 
and in the present experiments there was a tendency towards an 
increased reduction of ferricytochrome C during the ischaemic 
period. Therefore this second possibility cannot be dismissed.
In the present study when either oxygen was eliminated during 
reperfusion or when global anoxia was followed by reoxygenation 
the development of VF was completely prevented. Elimination of 
oxygen during reperfusion had no effect on the incidence of VT.
This suggests that although reperfusion arrhythmias are dependent 
on restoration of both flow and oxygen, restoration of flow seems 
to play more important role in arrhythmogenesis than reoxygenation. 
The present results are consistent with the findings by Carbonin 
e t  a t . (1981) in the isolated rat heart that both sufficient degree 
of myocardial damage provoked by the preceding ischaemia and 
the presence of oxygen during reperfusion are necessary for the 
development of reperfusion induced tachyarrhythmias. Moreover, 
Petropoulos and Meijne (1964) had shown that reperfusion with
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venous blood or anoxic saline had no effect on the incidence of 
reperfusion induced ventricular fibrillation in the dog suggesting 
the predominance of restoration of flow over the reoxygenation 
process. When experiments were carried out in a group of animals 
deficient in vitamin E (a member of the endogenous protective 
mechanisms in the biological tissue, Trush e t  a l . ,  1982; Frank, 
1983) there was no significant increase in tissue damage and lipid 
peroxidation. This could be due to insufficient vitamin E 
depletion, as vitamin E was still present in the serum of rats 
although it has been decreased to about one half of the control 
value. This suggests that 8 weeks of vitamin E depletion is not 
sufficient. In a similar study, rats were deficient in vitamin 
E (0.8 ± 0.09 nMoles.ml  ^versus 21.5 ± 0.6 pMoles.ml  ^in control) 
when kept on vitamin E free diet for 7 months(Falanga e t  a t . ,
1983).
The possibility that oxygen free radicals are produced as 
a result of the arachidonic acid metabolism (Hertz and Cloarc,
1984; Kontos e t  a t . , 1984) necessitated a study of the effects 
of some drugs which affect arachidonic acid metabolism on reper­
fusion arrhythmias. Both prostacyclin, the potent vasodilator 
(Bunting e t  a t ., 1983) and thromboxane A^ , the powerful vaso­
constrictor (Weksler, 1984) have been shown to be released from 
the ischaemic dog heart (Coker e t  a t . ,  1981; Coker and Parratt, 
1983a). Furthermore, prostacyclin has been reported to be the 
major prostaglandin released from the isolated rat heart (De 
Deckere e t  a t . ,  1977). In anaesthetized greyhounds subjected to 
experimental coronary ligation and reperfusion prostacyclin has
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been shown to have an antiarrhythmic effect (Coker and Parratt,
1983b) while thromboxane has been reported to exacerbate 
reperfusion arrhythmias (Coker e t  a i .  , 1982; Coker, 1984; Coker 
and Parratt, 1984a). The protective effect of Z.K. 36374 the 
more stable analogue of prostacyclin (Coker and Parratt, 1983b) 
against reperfusion arrhythmias in the present study is in 
agreement with the beneficial effect of Z.K. 36374 in anaesthetized 
greyhounds on reperfusion induced arrhythmias (Coker and Parratt, 
1983b). In the present investigation dazoxiben, a selective inhibitor 
of thromboxane synthetase (Patrignani e t  a i .  , 1984) reduced the 
incidence of reperfusion arrhythmias although thromboxane A^ has 
not been shown to be produced in the heart tissue (Whittle and 
Moncada, 1983; Weksler, 1984). On the contrary, N-butylimidazoIe, 
an imidazole derivative which also can selectively block the 
generation of thromboxane A^ (Bunting e t  a i .  , 1983) had no effect 
on reperfusion induced arrhythmias in the isolated rat heart, 
therefore the beneficial action of dazoxiben against reperfusion 
arrhythmias may be due to some other mechanism other than throm­
boxane synthetase inhibition.
Agents like aspirin (10 ^ M) and indomethacin (5 x 10  ^M), 
which inhibit the synthesis of prostaglandins (Crook e t  a l . , 1976) 
had no effect on reperfusion induced arrhythmias in the present 
investigation although indomethacin showed a vasodilator effect 
as indicated by a marked reduction in the perfusion pressure.
It seems likely that any beneficial effect of indomethacin has 
been masked by some other mechanism. This could be explained by 
what has been shown in guinea pig lung. Non-steroidal anti­
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inflammatory drugs can stimulate leukotriene production by pre­
venting the inhibitory effect of prostaglandins on leukotriene 
production (Kuehl e t  a l . , 1984). The vasoconstrictor action of 
leukotriene on the coronary circulation (Piper, 1983) may argue 
against this possibility because in the present experiments indo­
methacin caused vasodilation. Indomethacin has been also reported 
to have no effect on ligation induced arrhythmias in anaesthetized 
beagles (Mullane and Moncada, 1982). In contrast, aspirin has 
been shown to reduce the severity of arrhythmias induced by coronary 
artery ligation in conscious rats (Johnston e t  a l . , 1983) and 
anaesthetized dogs (Moschos e t  a l . , 1978). These contradictory 
reports suggest that aspirin reduced ligation induced arrhythmias 
by some mechanism other than inhibition of prostaglandin synthesis.
Dexamethasone (0.2 mg.kg ^, I.V., 1 hour before study)
(Mullane e t  a l . , 1984), a glucocorticoid compound which has been 
reported by Blackwell and Flower (1983) to interact with specific 
glucocorticoid receptors leading to the secretion and synthesis of 
protein (macrocortins) that possess antiphospholipiase properties, 
which will inhibit both the cyclo-oxygenase and lipoxygenase 
pathways due to unavailability of the substrate arachidonic acid 
had no effect on reperfusion induced arrhythmias. However, BW—
755C a dual inhibitor of both the lipoxygenase and cyclo-oxygenase 
pathways of arachidonic acid metabolism (Mullane and Moncada,
1982) did reduce the severity of reperfusion arrhythmias in the 
present investigation. In other studies in anaesthetized dogs 
BW 755C has been shown to reduce ischaemic induced myocardial 
injury (Mullane and Moncada, 1982) and nafazatrom an antithrombotic
170
drug which inhibits leukotriene production also had an anti- 
fibrillatory effect during reperfusion of the ischaemic myocardium 
(Coker and Parratt, 1984b) suggesting that leukotrienes may contri­
bute to the development of arrhythmias during myocardial infarction. 
The beneficial effect produced by BW 755C while dexamethasone 
which is also expected to inhibit both pathways of arachidonic 
acid had no effect suggests that BW 755C has a beneficial effect 
on reperfusion induced arrhythmias because its inhibitory effect 
on lipoxygenase pathway is predominant over the inhibition of 
the other pathway or that BW 755C reduced the severity of reper­
fusion arrhythmias by some other mechanism as scavenging of free 
radicals (Duniec e t  a l . ,  1983).
In conclusion, the present study has shown that superoxide 
radical is produced during reperfusion of the isolated perfused 
rat heart at a time when arrhythmias are initiated. This and the 
observation that drugs which reduce the levels of oxygen free 
radicals and hydrogen peroxide can protect against these arrhythmias 
suggest that oxygen free radicals may be important factor in the 
development of reperfusion induced arrhythmias i n  v i t r o .  Agents 
which affect arachidonic acid metabolism yielded contradictory 
results suggesting that they may act by some other mechanism 
other than inhibition of arachidonic acid metabolism.
CHAPTER 6
"Effect of some vasodilators on reperfusion 
induced arrhythmias in the isolated rat heart"
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Section A: Results
In the previous two chapters of the present study potassium, 
magnesium and glutathione reduced the perfusion pressure in the 
isolated rat heart. This vasodilation might be expected to have 
affected the development of ischaemically induced damage following 
coronary artery ligation and this in turn could have indirectly 
affected the severity of reperfusion arrhythmias. Thertfore it 
was of interest to try to study the effect of some vasodilators 
on reperfusion induced arrhythmias.
From Figs. (67) - (69) it can be seen that all the vasodilators 
used, adenosine (10  ^M, which was found to produce the maximal 
vasodilation), sodium nitroprusside (10  ^M) and Z.K. 36374 (10  ^M) 
reduced the incidence of VF while verapamil (10  ^M) completely 
prevented the development of VF and reduced the incidence of 
VT. There was no other significant effect on the incidence of 
VT, the onset and duration of VT and VF or the number of PVCs.
As in Fig. (70) the vasodilators in the concentrations used reduced 
the perfusion pressure but had no effect on developed tension 
or heart rate except verapamil (Chapter 4.11) which reduced the 
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Fig. (67). Effect of adenosine (10 M^), sodium nitroprusside
(10  ^M), Z.K. 36374 (10 ® M) and verapamil (10  ^M) 
on the number of PVCs developed during reperfusion 
in the isolated rat heart. Potassium 3.2 mM 
magnesium 1.2 mM and calcium 1.2 mM.
173
A) ^  100
5























C) 50  r
a>
^  4 0




^  10 
>
Na N IT R O - Z .K . 
PRUSSIDE _Q 
(10-6w) (10 W)
C O N T R O L VERAPAMIL
(10-^M)
ADENOSINE
(n = 9 -21 )
Fig. (68). Effects of adenosine (10  ^M), sodium nitroprusside
(10~^ M), Z.K. 36374 (10  ^M) and verapamil (10 ^ M) pn 
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Fig. (69). Effects of adenosine (10  ^M), sodium nitroprusside (10 M^)
—9 —7Z.K. 36374 (10 M) and verapamil (10 M) on a) the
incidence, b) onset and c) duration of VF developed
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Fig. (70). Effects of adenosine (10  ^M), sodium nitroprusside (10 ®M), 
Z.K. 36374 (10 and 10 M^) on (a) perfusion pressure,
(b) developed tension and(c) heart rate in the isolated rat 
heart. Potassium 3.2 mM; magnesium 1.2 mM and calcium 1.2 mM.
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Section B: Discussion
Vasodilation occurring during the pre-ligation period is 
expected to affect the development of ischaemically induced damage 
following coronary artery ligation and this in turn may affect the 
severity of arrhythmias developing on reperfusion. In addition, 
vasodilation could influence the distribution of coronary flow and 
rate of reperfusion of the ischaemic tissue via a coronary steal 
effect. These two possibilities suggested the confirmation of the 
effect of some vasodilators on reperfusion induced arrhythmias.
In the present study, the significant reduction in the incidence 
of reperfusion induced VF produced by adenosine, sodium nitro­
prusside, Z.K. 36374 and verapamil supports the previous concept 
that coronary vasodilation may protect against reperfusion induced 
arrhythmias by reducing the ischaemic damage due to an anti­
ischaemic effect. However, as a constant flow system was used 
in these experiments and the fact that there is very little 
collateral circulation in the rat heart suggest that this is 
unlikely as total oxygen delivery to the heart is unchanged.
It is possible that the beneficial action of vasodilators is 
due to an effect on the rate of reperfusion. Dilating coronary 
vessels in the constant flow perfusion system reduces perfusion 
pressure by withdrawal of the perfusate to the non-ischaemic 
area and this will in turn reduce the speed at which reperfusion 
takes place. Consistent with the latter concept are the findings 
that in the dog slow reperfusion of ischaemic myocardium reduces 
the severity of reperfusion induced arrhythmias (Sewell e t  a l . ,
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1955). Furthermore, in the present study when reperfusion was 
induced at a slow rate (Chapter 4: Figs. (33) - (35)) the incidence 
of the resulting arrhythmias was markedly reduced. On the other 
hand, in a recent study in the anaesthetized rat the incidence 
of reperfusion induced arrhythmias was unaffected by the admin­
istration of nitroglycerine, the coronary dilating agent (Kane 
e t  a Z . , 1984). This ineffectiveness of nitroglycerine in the 
i n  v i v o model may be due to the presence of extracardiac neural 
and hormonal reflex mechanisms and also because coronary flow 
can vary in this model.
In conclusion, in the present study, in the isolated rat 
heart using a constant flow system vasodilators markedly reduced 
the incidence of reperfusion arrhythmias. It seems likely that 
this effect is being produced via a coronary steal effect.
CHAPTER 7
"Effects of oxygen free radicals on potassium efflux 
and noradrenaline release on reperfusion after 10 min 
ischaemia in the isolated rat heart"
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Section A: Results
Oxygen free radicals generated during myocardial ischaemia
and reperfusion are expected to induce peroxidation of cell membrane
lipids leading to a reduction in its function and increased efflux
of intracellular potassium and influx of extracellular sodium.
Washout of potassium on reperfusion has been reported to cause
electrophysiological derangements and probably contributes to
the development of reperfusion induced arrhythmias (see Chapter
1.3). Therefore, it was important to study the effect of free
radical generation as well as free radical scavengers on the
efflux of potassium in order to find out if there is a reduction
in potassium efflux produced by free radical scavengers and
if there is a relation between this effect and the antiarrhythmic
action of the free radical scavengers mentioned in Chapter 5.
In these experiments, ^^rubidium was used because it behaves
as potassium and it has a longer half life compared with the
42very short half life of potassium which makes its use in­
convenient.
7.1: Effect of free radical generation on ^^rubidium efflux
From Fig. (71b) it can be seen that generation of superoxide 
radical by xanthine/xanthine oxidase system produced non signi­
ficant transient increase in ^^Rb^ efflux (Fig. (71b)). This 
increase was reduced in the presence of the mixture of superoxide 
dismutase (10 units.ml ^) plus catalase (100 units.ml ^) while 
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Fig. (71). Effect of xanthine (10 M)/xanthine oxidase (single injection 
of 0.5 mg) on efflux rate constant in the presence of:
(a) a mixture of superoxide dismutase (10 units.ml ^) plus 
catalase (100 units.ml ^) (b) in absence of free radical 
scavengers using active ( #— # ) and heat inactivated ( 9---^  ) 
enzyme in the isolated rat heart.
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oxidase was boiled for 5 minutes (Fig. (71b)). Hydrogen peroxide 
(3 X  10 6 X  10  ^and 12 x 10  ^M) had no significant effect
on ^^Rb^ efflux (Fig. (72a)). Similar to hydrogen peroxide, neither 
ferrous ion nor the mixture of ferrous ion plus hydrogen peroxide 
had any significant effect on ^^Rb^ efflux in the isolate rat 
heart (Fig. (72b)).
7.2: Efflux rate constant of during the course of 10 min
ischaemia and 3 min reperfusion in the isolated rat heart 
As in Fig. (73) when the potassium concentration used was 
10 mM, there was a non significant transient increase in ^^Rb^ 
efflux on reperfusion after 10 min ischaemia. When the concen­
tration of potassium was reduced to 3.2 mM in order to increase 
the myocardial cell damage on coronary artery ligation and reper­
fusion, there was a significant increase in ^^Rb^ efflux rate 
constant on reperfusion which was sustained over the three minutes 
of reperfusion (Fig. (74)). This increase in ^^Rb^ efflux rate 
constant is expected to be due to the process of reperfusion 
itself because if it is due to the washout of ^^Rb^ released 
during the ischaemic period it would have come down after 1 min 
as in the case of the washout of lactate which increased in the 
reperfusate during the first minute only (Chapter 5: Table 14).
7.3: Effect of glutathione on efflux rate constant during
coronary artery ligation and reperfusion
In Fig. (75b) it can be seen that glutathione (10 10 ^
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Fig. (72). The efflux rate constant of in the isolated rat
heart in the presence of: (a) 3x10 for 7 min, then
-5 -56x10 M H^O^ for 7 min, then 12x10 M H^O^ for 7 min. (b)
-5 -55x10 M ferrous ion for 7 min, 12x10 M H^O^ for 7 min and
































CO COx: COo CD
Cfi P•H ÜCc •H•HE CO
COO 3i—1
Ew 3c •H■H CO
u CO3 COTO -Po
Ï—1 a
C Cm-H oe coc •H
CO -p+-> CO




















CO o Es: CO •Ho •H •P






P •H3 CO O
O 3 t—1CJ CmP o
CD CD -pE (X•H CD s-P P E
CD T3 G)
X: CH CO CD
COo
m 00 h- (O IT) CO CO
GOq q q o q q q o II












0) CO M (O lOo o O o o











































U W3 03T3 -P
OrH a
C (H
■H oE inc o+J oc •H o









0) oX X: u
3 Eh pr—{ 03(H(H -p 030) u X:





03 wQ) -pbü 03 03C iH E
03 o •H
J3 œ •pU •H
03(U 03 Xx: X: -pp> -p
-p(H c 03o •H S
(U C E
œ 0p •H CM3 m
O 3 ro
ü CmP o
0) 03 -pE a
■H 03 S
-P L E




































C O NTRO L




C O N T R O L
-o
REP.LIG.
u « yV . ■ ■ .- -- »---'---1---•----  '-'---'---*— '— '— '— '-•— »
2 4  2 6  2 8  3 0  3 2  3 4  3 6  3 8
(n = 3 ) TIM E (min)
Fig. (75). Effect of glutathione (10 ^, 10 ^ and 10 M^) on the
efflux rate constant during 10 min coronary ligation and
3 min reperfusion when given (a) 8 min after coronary
ligation, (b) 5 min before coronary ligation (10 o— o
10  9 and 10  ^M:#— #) in the isolated rat heart.
*P <0.05 In (b) S.E.M.s were excluded for clarity
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efflux rate constant of on reperfusion. The increase of
^^Rb^ produced on reperfusion in the control group was reduced
-3 -4to about one third in the presence of 10 and 10 M glutathione 
and it became non significantly different from the pre-ligation 
values. In the presence of 10  ^M glutathione the increase in 
^^Rb^ efflux rate constant on reperfusion was still significantly 
different from the pre-ligation values although it was reduced
_3
to about two thirds of the control values. When glutathione (10 M) 
was given 8 min after coronary ligation, it still reduced the 
increase in ^^Rb^ efflux rate constant produced in control group 
during reperfusion to about 50% of its value which became non 
significantly different from the pre-ligation values (Fig. (75a)). 
Glutathione (10  ^M) has a potent vasodilator action. This could 
affect the rate of efflux of ^^Rb^ during myocardial ischaemia 
due to the reduction of the ischaemic damage by increasing the 
collateral flow to the ischaemic area. Also, this vasodilator 
effect could reduce the rate of washout of released ^^Rb^ during 
the ischaemic period by reduction of the rate of reperfusion 
via the coronary steal effect. Therefore, in order to find out 
if the effect of 10  ^M glutathione is produced in part by its 
vasodilator effect, the effects of another vasodilator adenosine 
(10 ^ M) on ^^Rb^ efflux rate constant were examined during myo­
cardial ischaemia and reperfusion (Fig. (76)). From Fig (76) 
it can be seen that adenosine (10  ^M) which produces maximal 
vasodilation had a similar effect to that produced by glutathione 
(10  ^M) when used either 5 min before ligation or 2 min before 
reperfusion. From Figs. (75) and (76) it can be seen that little 
difference between the effects of glutathione (10  ^M) and adenosine
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Fig. (76). Effect of adenosine (10  ^M) on efflux rate
constant during 10 min coronary ligation and 3 min 
reperfusion when given; (a) 8 min after coronary ligation,
(b) 5 min before coronary ligation in the isolated rat 
heart. *P < 0.05.
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(10  ^M) on efflux rate constant when given before coronary
ligation or just before reperfusion
7.4: Effect of the mixture of superoxide dismutase plus catalase 
plus mannitol on efflux rate constant during coronary
artery ligation and reperfusion
In the presence of the mixture of superoxide dismutase plus 
catalase plus mannitol, there was a transient increase in ^^Rb^ 
efflux rate constant during the first minute of reperfusion however, 
this was not sustained during the last two minutes of reperfusion 
(Fig. (77)). This transient increase seems more likely to be 
due to washout of the ^^Rb^ released during ischaemic period.
7.5: Effect of the mixture of superoxide dismutase plus catalase
3
plus mannitol on the time course of H-noradrenaline release 
rate constant during 10 min coronary ligation and 3 min 
reperfusion in the isolated rat heart
From Fig. (78) it can be seen that there was a transient
3
non significant increase in H-noradrenaline concentration in 
the perfusate during the first minute of reperfusion. This could 
be due to increased release of noradrenaline on reperfusion or 
washout of noradrenaline released during the ischaemic period. 
When the mixture of superoxide dismutase plus catalase plus 
mannitol was added to the perfusate 5 min before coronary 
artery ligation, this increase in noradrenaline concentration 
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-1Fig. (77). Effect of the mixture of superoxide dismutase (10 units.ml ) plus 
catalase (100 units.ml ^) plus mannitol (2xlO~^M) on the time 
course of efflux rate constant during 10 min coronary
ligation and 3 min reperfusion when given: (a) 8 min after coro­
nary ligation, (b) 5 min before coronary ligation in the isolated 


















































































































































concentration was used in order to prevent the incidence of VF
Section B: Discussion
Oxygen free radicals are expected to affect the efflux of
intracellular potassium during myocardial ischaemia and reperfusion
due to reduced function and integrity of the sarcolemma induced
by peroxidation of cell membrane lipids (Meerson e t  a l . ,  1982).
The wash out of the accumulated potassium on reperfusion has
been reported to induce electrophysiological derangements and
contribute to the development of reperfusion arrhythmias (Corr
and Witkowski, 1984). In order to investigate the effect of free
radical scavengers on potassium efflux during myocardial ischaemia
42and reperfusion it was inconvenient to use potassium because 
of its very short half-life time (12.4 hours). Although rubidium 
had been reported to interfere with the inward movement of potassium 
ions (Adrian, 1964) radioactive rubidium (^^Rb^) has been used 
as a tracer of potassium ions for investigations in secretory 
tissues of rat and mouse pancreatic islets (Henquin, 1977; Matthews, 
and Shotton, 1984) and tissues of membrane transport systems 
such as the sodium-potassium pump (Tomita and Tamamoto, 1971; 
Imaizumi and Watanabe, 1981). Therefore, ^^rubidium has been 
used to trace the efflux of potassium during 10 min ischaemia 
and reperfusion in the isolated rat heart in the present study. 
Superoxide radical generation by xanthine (10~^ M)/xanthine 
oxidase (0.5 mg) (Hess e t  a l . ,  1981) produced a sudden increase 
in rubidium efflux rate which returned back to the control
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levels after seven minutes. This effect was reduced by about 
50% in the presence of the mixture of superoxide dismutase and 
catalase and was completely prevented by deactivation of the 
enzyme xanthine oxidase by boiling suggesting that this effect 
on ^^rubidium efflux is due to the enzymatic activity of xanthine 
oxidase and superoxide anion production. This increase in 
rubidium efflux in the presence of the mixture of superoxide 
dismutase and catalase may be due to excess superoxide anion 
production suggesting that the concentrations of superoxide 
dismutase and catalase were insufficient or they do not get 
into cells. The effect of xanthine/xanthine oxidase system 
on ^^rubidium efflux provides evidence that superoxide 
generation can induce cell membrane damage and reduced membrane 
function. However, hydrogen peroxide and the mixture of hydrogen 
peroxide plus ferrous ion did not increase ^^rubidium efflux 
suggesting that the presence of superoxide anion in the 
reaction medium is neaessary to induce damage. This may also 
negate what has been reported by Halliwell and Gutteridge 
(1984) that a simple mixture of hydrogen peroxide and 
ferrous salt can produce hydroxyl radicals via Fenton's 
reaction.
When the effects of myocardial ischaemia and reperfusion 
were compared in two potassium concentrations (10 mM and 
3.2 mM) a higher increase in^^Rb^ efflux was produced when 3.2 mM 
potassium was being used. This low potassium concentration also 
exacerbates arrhythmias during reperfusion. This increased
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efflux with a low potassium concentration could be due 
to the more severe arrhythmias which develop with low concentrations 
of potassium (Chapter 4). High extracellular potassium concen­
trations have been reported to increase potassium efflux in 
the smooth muscle preparation (Bolton and Clarke, 1981).
The beneficial antiarrhythmic effects of glutathione and 
the mixture of superoxide dismutase plus catalase plus mannitol 
were associated with a reduced efflux of ^^Rb^ during reperfusion, 
this provides further evidence that oxygen free radicals might 
be involved in inducing cell membrane damage on reperfusion 
of ischaemic myocardium. Because the highest concentration of 
glutathione (10 M) has a potent vasodilator action which in 
turn can reduce the rate of reperfusion leading to a slower 
washout of accumulated ^^Rb^, the vasodilator adenosine was also 
given before coronary ligation and 2 min before reperfusion.
It can be seen from the present study that adenosine had similar 
but slightly weaker effect on ^^Rb^ efflux rate when compared 
with that produced by glutathione. Therefore, the vasodilator 
action of glutathione is probably contributing to its effect 
on ^^Rb^ efflux rate constant. The increase in ^^Rb^ efflux rate 
constant in the presence of the mixture of superoxide dismutase 
plus catalase plus mannitol produced on reperfusion was transient 
as in the case of the washout of lactate which increased in the 
reperfusate during the first minute only (Table 14) suggesting that 
the increase in ^^Rb^ efflux rate seen in the presence of the mixture 
of superoxide dismutase plus catalase plus mannitol is due
to a sudden washout of ®^Rb^ accumulated during myocardial 
ischaemia due to the depletion of high energy nucleotide pools
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(Downar e t  a t . ,  1977a; Swain e t  a l . ,  1984) while the sustained 
and reduced increase in efflux during the first three
minutes of reperfusion in the presence of glutathione (10  ^M) or adeno­
sine may be due to that accumulated ^^Rb^ during the ischaemic 
period has been washed out at a slower rate over the three 
minutes period of reperfusion due to a coronary steal effect.
The mixture of superoxide dismutase plus catalase plus
3
mannitol also reduced the transient increase in H-noradrenaline 
release during reperfusion of ischaemic myocardium suggesting 
another mechanism by which free radical scavengers might produce 
their beneficial action. It is possible that free radicals 
damage nerve terminals to increase catecholamine release and 
these could then contribute to arrhythmias.
In conclusion, the increase in ^^Rb^ efflux rate on reper­
fusion could be due to washout of accumulated ^^Rb^ due to 
Na^-K^ pump inhibition during myocardial ischaemia and/or passive 
efflux caused as a result of reduced membrane integrity due to 
free radical induced membrane damage. The present study revealed 
that oxygen free radical scavengers can protect against the 
second mechanism as well as preserve the nerve endings from 
the damaging effect of free radicals.
CHAPTER 8 




The present study demonstrates that reperfusion induced 
cardiac arrhythmias can be reliably and consistently produced 
in the perfused rat heart under constant flow conditions . The 
severity of these arrhythmias is maximum when reperfusion occurs 
after 10 minutes of myocardial ischaemia and they are not signi­
ficantly different from those produced in a constant pressure 
system or in anaesthetiSed rat models.
Reperfusion arrhythmias in the isolated rat heart model 
are significantly affected by the ionic environment of the heart 
(reperfusion arrhythmias increase by increasing the extracellular 
concentration of potassium and/or magnesium and decrease by in­
creasing the extracellular concentration of calcium). If a transient 
hypokalaemia occurred in the presence of mild hypomagnesaemia 
or hypercalcaemia then these changes could be an important factor 
in determining the severity of any reperfusion arrhythmias that 
might occur in man.
The present results suggest that perfusion pressure, 
developed tension, heart rate and the rate of reperfusion can 
affect the severity of reperfusion induced arrhythmias. Agents 
which reduced perfusion pressure, developed tension or heart 
rate attenuated the severity of reperfusion induced arrhythmias 
except the case of indomethacin which reduced perfusion pressure 
but had no effect on the incidence of arrhythmias. This could 
be due to the fact that indomethacin by its inhibitory effect 
on cyclooxygenase enzyme would stimulate leukotriene production 
through the lipoxygenase pathway and this could have masked any
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beneficial effect of vasodilation produced by indomethacin.
The protective effect of vasodilators against reperfusion arrhythmias 
seems to be produced by decreasing the rate of reperfusion via 
a coronary steal effect. Some of the agents which affect arachidonic 
acid metabolism have beneficial effects on reperfusion arrhythmias 
which may be due to mechanisms other than inhibition of arachidonic 
acid metabolism.
Superoxide radicals are being produced during reperfusion 
of the isolated rat heart at the time when arrhythmias are initiated. 
Drugs which reduce the levels of oxygen free radicals and hydrogen 
peroxide can protect against reperfusion induced arrhythmias 
suggesting that oxygen free radicals may be an important factor 
in the development of these arrhythmias in the isolated rat heart.
Oxygen free radicals produced by xanthine/xanthine oxidase 
system or on reperfusion of ischaemic myocardium can induce cell 
membrane damage and reduced membrane function as indicated by 
increased ^^Rb^ efflux rate constant and this effect can be pre­
vented by free radical scavengers. The present data provides 
evidence for the involvement of oxygen free radicals in the 
induction of cell membrane damage which could somehow be involved 
in the development of reperfusion induced arrhythmias.
8.2: Suggestions for future work
- To investigate the effects of agents which affect arachidonic 
acid metabolism in more detail and in different doses on 
reperfusion induced arrhythmias in the rat i n  v i v o and i n  v i t v o .
196
To study the effect of different concentrations of some 
vasodilators on reperfusion induced arrhythmias in the i n  
v i t r o  model using the constant head of pressure system and 
in the anaesthetized rat model when given either before 
ligation or just before reperfusion.
To test the effects of allopurinol and trypsin inhibitor 
on reperfusion arrhythmias and superoxide production in 
the isolated rat heart when administered to animals before 
study.
To investigate the effects of d-adrenaline and 1-adrenaline 
on reperfusion arrhythmias and superoxide production in 
the presence and absence of superoxide dismutase in order 
to confirm or negate the involvement of auto-oxidation of 
catecholamines in the arrhythmogenesis during reperfusion.
To study the effect of traces of Cu^ on reperfusion 
arrhythmias (Cu^ was found in preliminary experiments to 
have a potent cardiotoxic action) and to investigate the 
expected involvement of free radicals in mediating this 
effect.
To investigate the effects of vitamin E deficiency and 
glutathione depletion on the severity of reperfusion 
arrhythmias, Rb^ efflux rate constant, ^H-noradrenaline 
release and lipid peroxidation.
To study the relationship between atherosclerosis and reper-
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fusion induced arrhythmias in the anaesthetized rat 
model.
To investigate the effects of reperfusion with anoxic and 
oxygenated blood in the presence and absence of oxygen free 
radical scavengers and allopurinol on cardiac arrhythmias, 
percentage mortility and serum lipid peroxides due to 
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